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3 MOTIVATION 
“The object of life is not to be on the side of the majority, but to escape 
finding oneself in the ranks of the insane.” 
- - Marcus Aurelius, Roman Emperor 
As the roman emperor and stoic philosopher put it as early as 170 AD, we are 
condemned to repeat the failures of others if we follow the opinion and beliefs of 
the majority blindly. According to him, this inadvertently leads to us joining “the 
rank of the insane”. So, what do we have to do to avoid this fate? In a more modern 
context, this phenomenon is called “thinking outside the box”. And it is generally 
accepted that extraordinary results or breakthroughs happen if people decide to 
break with the standards and norms in their field. For example, if you are selling 
furniture and suddenly decide to stop assembling it and sell it to your customer as 
a giant jigsaw puzzle, your small business expands rapidly and becomes what one 
knows today as IKEA. This small step broke with the traditions in the field and 
nowadays this is more or less the standard. What does this imply for us, chemists? 
In my opinion, we need to stop fixing small problems and min-maxing existing 
procedures, but instead push towards massive innovations. A quick look at green 
chemistry nicely illustrates this problem. 
The search for the ideal, environmentally friendly and preferably cheap solvent 
has been a persistent topic in general chemistry.1,2 In the meantime, the abundant 
use of solvents in commercial manufacturing inevitably leads to a contamination of 
our water, soils, and air. In a batch operation in pharmaceutical or fine chemical 
manufacturing, solvents consistently account for 80 to 90 % of the mass utilization.3 
Facing these challenges, the effort in the development of “green” solvents and 
processes skyrocketed in the recent past and many consider ionic liquids a potent 
alternative to classical solvents.4–6 However, one should keep in mind that not all 
ionic liquids are environmentally benign and a replacement of solvents does not 
deal with the problem at hand – it is just a small fix, but not a big innovation. In other 
situations, hazardous solvents like hexamethylphosphoramide – renowned for its 
high carcinogenicity – are used purely out of a lack of practical alternatives.7 These 
points, among others, led to a mainly negative reception of chemical processes and 
the chemical industry by the general public.8 As a matter of fact, the term “chemical” 
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is associated with health risk, evil and dangerous, however the term “chemical-free” 
is gaining momentum (17.3 mio. Google hits). 
Taking all this into consideration, what is the big innovation needed in 
chemistry? If one considers solvents as the problem, then the logical step is to 
simply get rid of them altogether and only as a last resort replace toxic solvents with 
less toxic ones. Hence, the introduction of solvent-free methods needs to be one of 
the top priorities of chemists across all fields!  
One approach to conduct reactions in the absence of solvents is 
mechanochemistry. Initiated and/or sustained by mechanical energy, 
mechanochemical reactions offer a sustainable alternative to many wet-chemical 
methods.9 Due to the lack of solvents in mechanochemistry, several of the 12 
principles of Green Chemistry are achieved solely by applying this methodology.10 
Innovative uses thereof have made their way into the fields of pharmaceuticals,11–13 
material synthesis14–18 and, foremost, organic chemistry,19–21 where the vast potential 
of this rediscovered field has been demonstrated. However, while mechanochemical 
reactions have been among the first reaction procedures in history, their full 
potential has not been explored during the most part of the 20th century, when flask 
reactions were deemed more sophisticated.22 Hence, a lot of applications, reactions 
and mechanism in a ball mill are still left to be discovered or are not well understood 
yet.  
In this context, I have dedicated this thesis to establish mechanochemical 
protocols for the fields of polymers and nanographenes. Both of those topics are, at 
the moment, dominated by solution-based synthesis, although the compounds 
produced are hardly soluble. Hence, solubilizing groups are introduced, in time and 
resource consuming steps, just to keep the starting materials and products from 
precipitating. Coming back to Marcus Aurelius, continuing to tackle these syntheses 
by established chemical procedures bears a sort of irony, in which solubility 
problems are not solved by avoiding solutions, but by making sure the chemicals 
stay soluble. This is an inherently futile approach for the ever-larger molecules 
desired by the community. Instead, stepping outside the comfort zone, developing 
the procedures necessary and embracing the, sometimes deemed “non-elegant” or 
“unsophisticated”, mechanochemistry can be the impulse needed for these fields to 
push the materials out of the academic field and into their promising applications.
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4 STATE OF THE ART 
 MECHANOCHEMISTRY* 
Mechanochemistry †  describes the field of chemistry in which chemical and 
physicochemical changes in materials are induced by mechanical energy. The 
discipline has a long and rich history and, owing to the solvent-free character of the 
method, is experiencing a renaissance at the moment. In the following chapters, I 
will discuss the history, theories and models of mechanochemistry, different types 
of mechanochemical reactors, and upscaling of mechanochemical reactions.  
 History Or “How Mechanochemistry Became What It Is Today” 
Way before elaborate flask and distillation setups were used by the alchemists 
of the middle ages and renaissance, the mortar was the main tool of alchemy.23 
Scholars in ancient Greece noticed that the pistil not only crushed the substance, but 
also induced more surprising changes. In 315 B.C. the philosopher and natural 
scientist Theophrastus of Eresos‡ reported remarkable observation in his book “On 
Stones” (Περὶ λίθων).24 While grinding cinnabar (HgS) with vinegar in his copper 
mortar, he witnessed the formation of mercury. Nowadays, this report is not only 
the first reported mechanochemical reaction, but also accounts for the first 
documented isolation of a metal from its ore.  
The first systematic studies of a mechanochemical reaction are attributed to 
Matthew Carey Lea at the end of the 19th century.25 The American chemist was 
investigating the influence of different forms of energy on silver halides. In doing 
  
*  This chapter was partly translated from German from the book chapter on 
tribochemical reactors that I wrote for “Handbuch Chemische Reaktoren: Grundlagen und 
Anwendungen der Chemischen Reaktionstechnik” (Live Reference ISBN 978-3-662-56444-8), 
which is currently in production. 
† While the term mechanochemistry is used commonly for reactions in ball mills, other 
means of mechanical energy introductions include microwaves, ultra-sonication and anvil. 
Therefore, the term tribochemistry would be more precise for reactions inside ball mills. 
However, the distinction is quibbling at best and therefore I am going to utilize the terms 
interchangeably. 
‡ Theophrastos of Eresos was a scholar of Aristotle. For his works on plants he is often 
considered the father of botany.214 
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this, he discovered several parallels between thermal, radiant and mechanical 
energy. In the early times of chemistry, however, mechanochemistry played only a 
marginal role next to the more sophisticated solvent-based chemistry. In 1923, 
Retsch was the first to introduce a motorized mill.22 This mill imitated the manual 
grinding motion. It took until the 60s for a bigger community of mechanochemists 
to start working together in Eastern Europe and the USSR. They held conferences 
and focused on the understanding of this “new” method to conduct chemistry. In 
the following years, the cooperation between scientists from Europe, USSR and 
Japan was intensified and the first international conference on the topic was held in 
1993.22 
On the other side of the globe, scientists of „The International Nickel Company, 
Inc.“ (INCO) were the first to report alloying by the means of mechanochemistry in 
the late 1960s.26 As a last resort, they used high energy ball milling to create a fine 
nanocomposite of nickel and oxides, that was then processed into a bulk material 
without melting the metal. From this point on, mechanical alloying developed as a 
separate field and, according to Takacs, “There were no cross-references between 
the two areas (mechanical alloying and mechanochemistry) for more than 20 
years”.22 One main focus was the synthesis of amorphous alloys, where the ball 
milling methodologies proved to be a viable addition to existing methods.27 Building 
on the knowledge acquired over decades, chemists started to mill metal powders in 
gas atmospheres and successfully created hydrides and nitrides in the process.26 
Therefore, mechanical milling extensively contributed to the field of hydrogen 
storage materials, where both the tuning of metal and metal alloy microstructures, 
and the direct synthesis of the hydrides are feasible in the ball mill.28 
Figure 4.1 Development of the number of publications per year containing the keywords:
Mechanochemistry, Mechanosynthesis, Mechanochemical. 
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In the last 20 years, mechanochemistry has seen a surge in interest (Figure 4.1). 
Several reasons are behind the renaissance of the field. Besides the scientific 
potential of an unexplored field and a growing understanding of the processes 
behind these reactions, the trend towards “green chemistry” and a more sustainable 
future has led chemists to reconsider their basic tools. While the search for a benign 
and sustainable solvent is undoubtedly important, the complete absence of a solvent 
circumvents many entailing problems.29 The promise of a solvent-free method might 
have been the spark that carried mechanochemistry at the start but it has since then 
shown to be more than this. Little by little it became apparent that selectivities in 
ball mills can differ from classical approaches.30 In other cases unexpected reactions 
took place, ones never observed in solvent-based protocols. The reasons for these 
observations lie within the mechanistic differences between the two methods. An 
in-depth discussion will be lead in the following section. 
  
6 | S t a t e  o f  t h e  A r t  
 
 The Basis of Mechanochemistry – Theories, Models and Terminologies 
Mechanisms of many classical reactions are, by now, well understood. Decades 
of investigations of activation energies and kinetic behaviors of thermal and 
photochemical reactions have led us to a point where one can simulate isolated 
reactions in silico and predict a predict a plethora of reaction parameters with 
astounding precision.31,32 The processes behind mechanochemical reactions are 
sadly not that well understood. The nature of massive metal or ceramic milling 
vessels and their fast movement makes in situ investigations challenging. Hence, 
there are still blanks in our knowledge regarding the precise processes taking place 
in a ball mill. Nevertheless, several theories have been established. 
 Hot-Spot Theory 
One of the first observations made was the fact that mechanochemical reactions 
proceed in much milder conditions than their classical thermal counterparts. In 
response, Bowden, Tabor, and Yoffe postulated the so-called “Hot-Spot Theory” in 
the 50s.33,34 The core of this theory is the claim that during a collision a small area of 
the powder (1 µm2) is experiencing temperatures of over 1000 K for the fraction of a 
second (10-4-10-3 s). This event is supplying the activation energy for the chemical 
reaction. While temperatures of this order of magnitude have been observed on the 
tip of propagating cracks in single crystals,35 the theory itself is heavily disputed 
nowadays.36 
 Magma-Plasma Model 
A more in-depth explanation for mechanochemical reactions is given by the so-
called “Magma-Plasma Model” by Thiessen.37 As with the “Hot-Spot Theory”, he 
also assumes high energy densities at the time of the collision. The released energy 
is capable of forming a so-called triboplasma, which is characterized by the emission 
of excited particles (Figure 4.2). In the plasma, temperatures of 10’000 K are reached 
for time periods shorter than 10-7 s and cause chemical reactions. Even after the 
subsiding of the plasma, radicals and consecutive processes can trigger further 
reactions. This approach was the first to mention the possibility that 
mechanochemical reactions are not governed by just one mechanism but can follow 
different reaction routes. In addition, the short lifetime of the plasma does not allow 
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for equilibration into a Boltzmann distribution. Therefore, chemical processes 
occurring in this phase may follow other pathways than their solution analoga.38 
 Pseudo-Fluid Model  
Lately, both of the former models have come under severe scrutiny by the 
mechanochemistry community. In situ investigations showed a direct influence of 
the milling speed and vessel temperature on the reaction kinetics and 
thermodynamics of different organic reactions. If one assumed one of the older 
models to be correct, the vessel temperature would be of insignificant relevance, 
since the reaction is mostly happening as a result of the collision of the milling balls. 
On the basis of these findings, a new theory was established.39,40 
 𝑘𝑘 = A ∗ 𝑒𝑒− 𝐸𝐸𝑎𝑎𝑅𝑅∗𝑇𝑇  (1) 
Figure 4.3 Influence of the vessel temperature on the yield of three Diels-Alder reactions with different 
activation energies. Copied from 40 – Published by The Royal Society of Chemistry. 
Figure 4.2 “Magma-Plasma Model” reproduced from Thiessen 31 E: excited electrons, N: non-deformed 
solid D: deformed surface layer, P: plasma. 
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If these results are evaluated in regards to the Arrhenius equation (Equation 1), 
it appears that the A-term is proportional to the milling speed while the energy term 
is dependent on the macroscopic temperature of the milling vessel (Figure 4.3). The 
impact energy is decoupled from the reaction enthalpy. The group of Emmerling 
went as far as to state that the “Magma-Plasma Model” and the “Hot-Spot Theory” 
play no notable role in the mechanochemistry of soft matter.41 In this so-called 
“Pseudo-Fluid Model”, the balls play a role smiliar to the solvent in a classical 
synthesis. Their main task is to ease diffusion and to help mix the reactants. In both 
functions, ball mills excel especially at high milling speeds. Powders are grinded 
down in the 100 nm range and every impact is creating a new reactive surface layer 
and diffusion problems are basically non-existent. Nevertheless, this theory cannot 
explain the fact that mechanochemical reactions often proceed at temperatures 
lower than their solvent-based equivalents.  
 Quantum Chemical Calculations 
Another possible explanation is based on quantum chemical calculations.42 
Shear forces are capable of decreasing the HOMO-LUMO gap in molecules (Figure 
4.4). This destabilizes the bond. If the mechanical force is big enough, the gap can 
be completely closed and an athermal reaction occurs. Even if the forces are 
insufficient to initiate such a reaction, the activation energy of the thermal reaction 
is lowered nevertheless. These calculations can explain two observations: firstly, the 
lower temperatures needed for mechanochemical reactions compared to solution-
based one, and secondly, the sometimes “counterintuitive” products observed in 
these reactions.42  
Figure 4.4 Walsh energy-level diagram for H3- visualizing the effect of strain on the HOMO-LUMO gap
in the molecule. Copied from 42 with permission of “The American Association for the Advancement
of Science”. 
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Mechanochemical Reactors 
 Although ultrasound and microwave are also considered to be mechanical 
forces capable of influencing chemical reactions, the focus of this chapter will be on 
different tribochemical reactors, or, in other words, mills. These exist in various 
types and sizes. They most notably differ in the forces that are applied to the ground 
material (Figure 4.5), and therefore provide different degrees of applicability as 
mechanochemical reactors. Besides impact, pressure and smashing forces, shearing 
is of utmost importance if chemical reactions are of interest. Since most of the mills 
have been developed to reduce the particle size of a given material, it is up to the 
mechano-chemist to identify promising mills.36  
Vibrational Ball Mills 
Vibrational ball mills, often called mixer mills, are one of two dominating mill 
types in the mechanochemical community. The vessel is subjected to a horizontal, 
vertical, elliptical, arc or eight-shaped movement. Due to the sudden changes in 
direction, the milling bodies, usually one to four balls, collide with the walls of the 
vessel as well as themselves, enabling mechanochemical reactions. For non-linear, 
elliptic or arc-shaped movement, the balls follow a chaotic pattern, thereby avoiding 
dead spots. Since the amplitude of the mill is fixed, the energy input is proportional 
Figure 4.6 A: Mixer mill with vertical movement, Pulverisette 23, Fritsch GmbH. B: Mixer mill with 
horizontal movement, MM-400, Retsch GmbH. C: Eccentric vibrational mill, ESM-856-2K, Siebtechnik 
GmbH. 
Figure 4.5 Main type of forces present during the milling process in different mills. 
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to the vibrational frequency. With vibrational frequencies, up to 50 Hz accelerations 
of up to 36 g can be reached in small laboratory mills (Figure 4.6A,B). Furthermore, 
a scale from 0.1 mL for the smallest vessels and up to several thousand liters for 
industrial eccentric vibrating mills (Figure 4.6C) can be covered with this mill type. 
This is further helped by the fact that industrial mills can usually be operated in a 
continuous or semi-batch mode.36 
 Planetary Ball Mills  
In rotational ball mills, the vessels are moving in a circle around a fixed point. 
This causes pressure, impact, and shearing on the ground material. The simplest 
case, the drum mill is not that common in mechanochemical laboratories, since it 
lacks the energy necessary to induce or maintain a reaction. In order to achieve 
higher impact energies, these mills were improved upon resulting in the creation of 
planetary ball mills. In these mills the vessels are located on a sun-wheel and are 
rotating counterclockwise around themselves as they traverse the circle in a 
clockwise fashion (Figure 4.7A). The movement of the vessel around the fixed point 
guides the balls along the walls, whereas its rotation around its own axis detaches 
them from the wall and collides them with each other.43 This working principle 
coupled with a high rotational frequency, creates strong centrifugal forces inside 
these mills, is resulting in accelerations of 50-100 g. The energy input of planetary 
ball mills is 100 to 1000-fold higher than for vibrational ball mills. This allows for 
very fast reactions and furthermore enables reactions that are not possible in mixer 
ball mills. One major drawback is the fact that this operating principle is hard to scale 
up in a secure manner and vessel sizes are therefore limited to 500 mL per vessel 
with a maximum of 4 vessels per mill (Figure 4.7B). In addition, it is hard to operate 
these mills in a continuous or semi-batch fashion. The higher energy variations, 
Figure 4.7 A: Principle of movement in a planetary ball mill, taken from 43 with permission of Elsevier. 
B: Planetary ball mill with four vessels, Pulverisette 5, Fritsch GmbH. C: High speed planetary ball mill 
with two vessels, Pulverisette 7, Fritsch GmbH. 
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however, often operate with only two vessels of smaller capacity (max. 80 mL) 
(Figure 4.7C).  
Extruders 
In recent years, ball mills have been accompanied by twin-screw extruders (TSE) 
as a scalable and continuous tool for mechanochemical reactions. They have been 
around in the food, pharmaceutical and polymer industries for decades and are 
commonly used to extrude polymers, cereal products and mix drugs with filler 
materials.44–46 In the extruder (Figure 4.8), the material is forced into an eight-like 
motion by continuously being transferred from one screw to the other. In laboratory 
extruders, rotation speeds between 50 and 1200 rpm can be achieved, thus enabling 
a wide range of potential residence times and energy inputs. In contrast to a single 
screw extruder, the material is subjected to strong shear forces while passing inside 
a TSE.44 This can be used in combination with heating segments, to conduct 
chemical reactions. This potential has been explored for several decades in the form 
of a reactive extrusion of poly(vinyl chloride), which has become a staple process in 
the polymer industry. Lately, mechanochemists have started to discover this method 
as a suitable way to scale-up mixer-mill reactions.47 Processes in TSEs can have time 
yields of 1 to 6000 kg·h-1, depending on the extruder size. Smaller batches (gram-
size) are also possible by employing bench-top machines.48 
Figure 4.8 A: 12 mm laboratory twin-screw extruder with co-rotating screws and segmented 
heating jackets. B: cross-section of the outlet of said extruder showing the two screws intersecting. 
C: Screw-layout with different regions for mixing and knitting. Copied from 47 – Published by The 
Royal Society of Chemistry.
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 Parameters Influencing Mechanochemical Reactions 
Mechanochemical reactions possess very different reaction parameters, 
compared to reactions in solution.21 The solvent and, in turn, the concentration of 
reactants plays a minor role, while size and material of the milling balls are of pivotal 
importance.49 In the following pages, I am going to discuss the influence of the 
parameters for vibrational and planetary ball mills, separating them into 
technological, chemical and process parameters. 
 Technological Parameters 
All parameters determined by the milling body material are considered 
technological parameters, according to Stolle.49 This includes ball size, count, and 
material, as well as the type of the ball mill. The material of the milling balls is crucial 
for the success of a chemical reaction. Besides the density, the Young’s modulus is 
influencing the energy input of the milling process, since the energy of a moving 
body is proportional to its mass (Equation 2). 
 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = 12  𝑚𝑚𝑣𝑣2  (2) 
While density is important, other factors, like resistance against chemicals 
(acidic or basic conditions) and abrasion resistance, are to be considered if one 
wishes to conduct a reaction inside a ball mill. In the past, several materials have 
been identified as suitable for this purpose (Figure 4.9 and Table 4.1). Abrasion occurs 
in all materials and slowly degrades the milling balls by diminishing their size and 
weight. Therefore, they have to be replaced from time to time, besides the fact that 
the product can become contaminated with this material. At larger scales, this can 
be a substantial cost factor. This is why, steel is the material of choice for industrial 
Figure 4.9 Milling balls made from different materials and in different sizes. Back row from left to right: 
tungsten carbide, ZrO2 (different sizes), silicon nitride. Front row from left to right: steel, copper, brass 
and nickel. 
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scale applications, while ceramics are a less common alternative. For scientific 
research, however, zirconium dioxide and tungsten carbide are common milling 
materials, owing to their high chemical and abrasion resistance. 
Alongside the material, the impact energy can also be altered by the size of the 
milling balls. Due to the fact that smaller balls also lead to a finer ground powder, 
the milling industry is supplying a wide range of ball sizes. Common sizes range 
from 0.1 to 30 mm, while mechanochemists typically employ the bigger end of the 
spectrum (5 to 30 mm) for their reactions. Besides the fact that bigger balls result in 
a higher energy input, they are also not as prone to sticking to one another if the 
powder becomes sticky during the milling process. 
In addition to the size and material, the ball count is also essential for 
mechanochemical reactions. It directly influences the energy input of the reaction. 
While vibrational ball mills can be operated with a single ball, planetary ball mills 
needs several balls to ensure a sufficient number of collisions. In general, an 
increase in the number of milling balls leads to an increase in the energy input and 
thus faster reactions (Figure 4.10A).50 Nevertheless, there are also examples of a 
decreasing yield with higher impact energies, since organic compounds may also 
degrade under these conditions. Besides these energetic implications, it is also 
crucial to maintain a certain free-volume inside the ball mill, where milling balls can 
be accelerated between collisions. In this context, the mill producers postulated the 
“1/3 rule”, where one-third of the vessel volume should be filled with balls, one third 
with the powder and the last third should remain free to allow for sufficient ball 
Table 4.1 Overview of typical milling ball materials and their properties. 
Material Main components 
Density / 
g·cm-3 
Abrasion resistance 
Agate SiO2 2.7 Good 
Sintered corundum Al2O3 3.8 Moderate 
Silicon nitride Si3N4 3.3 Extremely good 
Zirconium dioxide ZrO2, Y2O3 5.7 Very good 
Steel, stainless Fe, Cr, Ni 7.8 Limited 
Steel, tempered Fe, Cr 7.9 Good 
Tungsten carbide WC, Co 14.3 Very good 
PTFE C, F 2.1 Very good 
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movement. Although this is a generic guideline from the industry, scientific studies 
found comparable results for the optimal occupation of the milling vessel.51 These 
findings also suggest a higher significance of filling the mill with one-third milling 
balls, to achieve an optimal balance of energy input and ball acceleration space, 
while the volume of powder used is only of minor importance. 
Process Parameters 
Process parameters like milling time and temperature are similar to their 
counterparts in classical syntheses, reaction time and temperature. For 
mechanochemical processes, these two are joined by the rotational or vibrational 
frequency of the mill, as well as the potential pause times in the milling protocol. 
The frequency is a very influential criterion, since it contributes quadratically to the 
energy of a milling ball (Equation 2, page 12). There are many studies investigating 
this relationship in regard to the yield and selectivity of tribochemical reactions. 
Commonly, the conversion increases with the rotational frequency (Figure 4.10B), 
while the selectivity can suffer from a higher energy input. Side reactions and 
degradation might be accelerated at the same time as the desired process. One 
major factor here is the increase in vessel temperature with increasing speed, 
leading to energy dissipation via friction.52 If tungsten carbide balls are utilized, 
temperatures as high as 100 °C can be reached inside the vessel within minutes 
Figure 4.10 A: Influence of the number of milling balls on the reaction of p-toluidine (1, 2 mmol) to the 
corresponding azo compound with KMnO4 as oxidant in a Pulverisette 7 (PBM), using agate balls 
(15 mm) from 50. – Published by The Royal Society of Chemistry. B: Influence of the rotational frequency 
on the yield of the Knoevenagel condensation reaction between vanillin and babituric acid in a 
Pulverisette 6 (PBM) using tempered steel balls (20 mm) copied from 47. – Published by The Royal 
Society of Chemistry. 
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(Figure 4.11).53 Considering that these temperatures are measured at the top of the 
milling vessel, and therefore outside of the chamber, the temperatures on the inside 
might exceed these measured values.* Furthermore, the thermal conductivity of the 
vessel material is also influencing these values. In order to avoid this heating, milling 
at high rotational frequencies as well as using big and dense milling balls should be 
avoided for sensitive reactants. It is also possible to cool the vessels with liquid 
nitrogen. This so-called “cryo-milling” is used especially for the grinding of 
viscoelastic materials.54 For mechanochemical reactions, however, several studies 
have found this technique to lead to lower overall yields.55,56 On the other hand, the 
vessel can also be heated prior to or during the reaction. This was used to determine 
the activation energies of a mechanochemical Diels-Alder reaction by Mack and co-
workers.40 
 Chemical Parameters 
Chemical parameters like solvent, catalyst or grinding auxiliaries can differ 
widely from process to process and are hard to discuss out of context. Hence, three 
important concepts of mechanochemical reactions related to those parameters are 
going to be introduced here instead.  
  
*  Especially planetary ball mills suffer from energy dissipation due to friction. In 
vibrational ball mills the temperatures reached during the milling process are significantly 
lower. 
Figure 4.11 A: Influence of the milling material on the temperature inside the milling vessel. Measured 
in a Pulverisette 7 (PBM) with the GTM system utilizing a 45 mL beaker with 22 zirconium dioxide 
milling balls à 10 mm while milling potassium carbonate for 30 min. Adapted from 53. B: Influence of 
the rotational frequency on the temperature inside the milling vessel. Measured in a Pulverisette 7 
(PBM) with the GTM system utilizing a 45 mL beaker with 22 milling balls à 10 mm while milling 10 g 
of iron(III) chloride for 30 min at 800 rpm. Adapted from 52. 
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Although mechanochemical reactions are generally a solid-state method and do 
not require the addition of solvents, in some cases a few drops of liquid 
(<2 µLsolventmg-1powder, Figure 4.12) can greatly accelerate the kinetics of a 
transformation. This method is called liquid assisted grinding (LAG). In such cases, 
the solvent is regarded rather as a catalyst than as a reactant.57 While the mechanism 
is not completely understood at the moment, James et al. postulated that the 
increase of molecular mobility by small quantities of solvent is the source of this 
effect.9 In some cases, even the selectivity of a process can be altered by the 
introduction of a LAG reagent.58  
A bulking agent (also filling material) can be regarded as an inert additive to the 
reaction. The size of the milling jar (20 or 45 mL in our case) requires a minimum 
volume of reactants in the vessel (ball-to-powder ratio). Otherwise, the milling balls 
collide without transferring the energy of the collision onto the reactants and suffer 
enhanced abrasion. I employed an inert bulking agent, such as sodium chloride or 
an excess of one reagent like potassium carbonate, to gain control over the reaction 
scale. This method was first described by Konnert et al.59 The bulking reagent can 
also be chosen to absorb one product, for example water, to avoid a slurrying of the 
reaction mixture inside the vessel. 
Catalyst usage has one major advantage in mechanochemical reactions – they 
do not need to be soluble. Therefore, simple metal salts can sometimes be utilized 
instead of organic complexes.60 Another elegant way of utilizing the milling process 
as an advantage was introduced by Mack and co-workers.61 Instead of supplying the 
copper needed to catalyse a reaction as a powder or salt, they used copper milling 
balls and vessels in place of inert milling materials. This metal was used to co-
catalyse cross-coupling reactions.61 Thereby, their protocol completely 
circumvented the need for copper iodide as an co-catalyst in the Sonogashira 
reaction. 
  
Figure 4.12 Classification of methods in mechanochemistry by the η-value (μL·mg-1). Most of them are 
in the range of dry grinding or LAG. Reproduced from 221. 
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 The Versatility of Mechanochemistry 
After detailing the history, mechanisms, machinery, and parameters present in 
mechanochemical reactions, I will use the following chapter to introduce the reader 
to the colourful and versatile landscape of mechanochemical reactions. Since the 
sheer number of organic reactions alone fills books, a few examples from several 
staple disciplines of chemistry have been chosen. For additional interesting ideas 
and applications please refer to the following reviews and books.20,21,49,62–66 
 Inorganic Materials 
The most ancient and established field of mechanochemistry is the synthesis of 
inorganic materials. Faraday himself reduced silver chloride to metallic silver by 
grinding it inside a mortar as early as 1820.67 Today, this technique is used to 
produce intermetallic phases and alloys in a straightforward manner by simply 
grinding the desired stoichiometric amount of metals inside a ball mill. The milling 
process frequently leads to the amorphization of the obtained materials. In addition, 
the required milling times are usually in the range of multiple hours to days. One 
prominent example is the reaction of the elements nickel, niobium and boron to yield 
the nanocrystalline Ni75Nb12B13 phase under argon atmosphere inside a planetary 
ball mill (Equation 3).68 
75 Ni + 12 Nb + 13 B Ni75Nb12B13 (3) 
Reactions can also be observed for metal oxides, nitrides, halogenides, and 
sulfides. For the first case, binary oxides can be used in analogy to classical high-
temperature synthesis of ceramics. Compared to those conditions, inert gases and 
long reaction times are not required in the ball mill. The synthesis of NiFe2O4 
nanoparticles is only one example for the possibilities of this method (Equation 4).69 
NiO + Fe2O3 NiFe2O4 (4) 
 Co-Crystals and Pharmaceuticals 
Another hot topic for the application of mechanochemistry on a larger scale is 
the synthesis of co-crystals. Co-crystals are single phase crystalline materials that 
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consist of two or more molecular or ionic compounds.70 Several of the co-crystals 
synthesised via ball milling have yet to be reported by other means. One example 
is the co-crystal formed by grinding benzoquinone, bis-β-naphthol, and anthracene 
reported by Cheung et al. (Equation 5).71 
O
O
+ OH
HO
+ Co-crystal
 
(5) 
Co-crystals are of particular interest for the production of pharmaceuticals, 
where they can increase the solubility of the active pharmaceutical ingredient 
immensely.72 As early as 1993, the self-assembly of 9-methyladenine and 1-
methylthymine by grinding has been reported (Equation 6).73 
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 Organic Synthesis  
Most of the organic reactions in the industry or in the lab are conducted in 
solution.74 Especially in the last ten years, mechanochemists have shown that the 
majority of established reactions can also be transferred into the ball mill without 
the use of solvents.49 Amongst these one can find C-C and C-X cross-couplings, 
metal catalyzed asymmetric transformations, substitutions reactions and many 
more. The Knoevenagel condensation was shown to proceed inside the ball mill in 
a matter of minutes as reported by Kaupp et al.75 Furthermore, since this reaction 
proceeds quantitatively, no further workup is necessary (Equation 7). 
+
N
N
O
R''
O
R'
R
O
R''
X
R = NMe2, OH; R' = H, OMe; R'' = H, Me, Et; X = O, S
R'
R N
N
O
R''
O
R''
X
+  H2O
 
(7) 
The proline-catalyzed aldol reaction is a common asymmetric organo-catalytic 
C-C coupling reaction. The group of Bolm has shown that under mechanochemical 
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conditions this reaction can be carried out with 10 mol% of prolin and produces 
yields of up to 90 % with high ee-values (Equation 8).76 
+
O
n
O
R
O
n
R
OH
(S)-proline (10 mol%)
up to 99% ee  
(8) 
Another interesting aspect is the possibility to selectively generate reactive 
species inside the milling vessel and thereby notably reduce the amount of synthetic 
work. Borwne and co-workers recently demonstrated that an insertion of zinc into 
aryl or alkyl halogen bonds followed by a Negishi-cross-coupling (Equation 9) can 
be achieved by milling the materials together all at once. Or, as they describe it: “1. 
Add reagents to milling jar; 2. Screw jar closed (finger tight); 3. Press play”.77 
Zn(form)
DMA
Pd(PEPPSI)
alkyl
Br
aryl
Br
alkyl
aryl
+
 
(9) 
Sometimes mechanochemical reactions aimed towards replicating a reaction 
known from solution-based chemistry actually show a different reactivity or 
selectivity. Wang et al. tried to use the ball mill to conduct a hydrocyanation of the 
fullerene C60. They soon noticed that the result was not the expected compound but 
rather the dimer C120 of said fullerene caused by a 2+2 cycloaddition (Equation 10). 
KCN (cat.)
C60 C120  
(10) 
 Metal Complexes 
The synthesis of metal complexes inside the ball mill is closely related to the co-
crystal formation discussed earlier. One advantage is the solvent-free nature of the 
ball milling process. This enables these methods to conserve resources and utilize 
readily available metal oxides. The group of Stuart James applied the 
mechanochemical procedure to synthesise zinc-salen complexes in a simple one-
step reaction (Equation 11).78  
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Another innovative example was published by the group of Friščić. They utilized 
the common solid state oxidant Oxone® (triple-salt of KHSO5) to oxidize palladium in 
the presence of sodium halides and ligands to form catalytically active complexes 
(Equation 12).79 This approach enables the swift upcycling of palladium wastes*. 
 Polymers 
One of the main focuses of this work was the development of a variety of 
polymerization reactions in this solvent-free environment. Nevertheless, prior to my 
research and while this thesis was in process, several methods of mechanochemical 
polymerizations have been reported by other groups. The first approach was 
published in 2010 by Posudievsky et al., discussing the synthesis of poly (pyrrole), 
poly (thiophene) and poly (p-phenylene).80 The synthesis of the conducting 
poly (thiophene) was achieved via an oxidative route utilizing ammonium persulfate 
(Equation 13). However, the method presented only yielded oligomers with a degree 
of polymerization between 6 and 20. 
SS S
S S
n(NH4)2S2O8  
(13) 
Yet another successful polymerization was reported by Ohn et al. Utilizing a 
base catalyzed ring opening polymerization, the group produced poly (lactic acid) 
(PLA) with high molecular weights of up to 100’000 g·mol-1.81 As a biodegradable 
polymer, PLA is suitable to be produced by this green method (Equation 14).  
  
* Palladium waste is commonly accumulated in organic laboratories, due to the fact that 
most cross-coupling reactions rely on palladium-based catalysts. Only a fraction of this waste 
is reused and most is discarded alongside other solid waste by-products.215 
+OH
O
H2N
NH2 + ZnO
O
N N
O
Zn + 3 H2O
 
(11) 
+ Pd
P
2KHSO5·KHSO4·K2SO4
 (Oxone)
KCl
PdCl
Cl
P
P
 
(12) 
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(14) 
Coordination polymers are a special subclass of polymers. They consist of 
organic linker molecules and metal coordination centers.82 Similarly to their 0D 
complex analogs, a wide variety of these 1, 2 and 3D materials can be synthesised 
mechanochemically. In contrast to solution-based protocols, solubility of the metal 
cluster is not necessary. Emmerling and co-workers published a protocol for several 
of these compounds, with one example being barium-based polymers with 
bicarboxylic acid linkers (Equation 15).83 
 
(15) 
As a new and promising material class, metal-organic frameworks (MOFs) are 
sought after for their outstanding adsorption capacities and other adsorption related 
effects.84,85 Due to the modular construction principle, many different varieties exist. 
For a several of them, mechanochemical reaction procedures have been developed 
in the past years. The group of James, for example, transferred the synthesis of 
Cu3(BTC)2 first into the ball mill and later to a twin-screw extruder. This method 
allows for the economically viable industrial synthesis of this compound 
(Equation 16).48 
 
(16) 
Porous structures can be built-up by different methods as well. One example is 
the mechanochemical Friedel-Crafts arylation of carbazole and cyanuric acid 
described by Troschke et al.86 The so-formed covalent triazine frameworks (CTFs) 
possess a high thermal stability and surface area, making them the perfect support 
structures for heterogeneous catalysis (Equation 17). 
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 OXIDATIVE C-C COUPLING -THE SCHOLL REACTION 
 History 
The Scholl Reaction, a reaction deemed unselective and uncontrollable by the 
organic chemistry community at the time, has found its true purpose as an 
intramolecular C-C coupling reaction.87 It was first reported in the literature in 1873 
by Dianin as the intermolecular coupling of 2-naphtol 1 to its dimer 1,1-bi-naphtol 2 
in good yield (Equation 18).  
OH
OH
HO
FeCl3
(2), ca. 90 %(1)  
(18) 
Later on, a similar pathway was chosen by Scholl *  and Mansfeld.88 They 
reported on the planarization of meso-benzdianthron 3 to its π-conjugated 
counterpart meso-naphthodianthron 4 in an excess of aluminum chloride in less 
than 60 minutes (Equation 19). They point toward the importance of the exact 
temperature of 140-145 °C in order to avoid side reactions. Scholl and co-workers 
continued to improve and adapt the reaction and several other manuscripts in this 
field were published by them in the following years.89–91  
AlCl3
(4), quantitative(3)
O
O
O
O
 
(19) 
Although many changes have been brought to the procedure over the years, the 
reaction was forth on known as the Scholl reaction, a name still persistent up to this 
day. In the 1920s the synthesis was applied in an industrial scale to produce the 
colourant “Vat Green 8” 6 from 5 (Equation 20).92 
 
  
* Roland Scholl 30.09.1865 (Zürich) – 22.08.1945 (Dresden); Professor in Karlsruhe (1904-
1907), in Graz (1907-1914), in Dresden (1916-1934). Known for the oxidative coupling of PAH, 
first person to synthesize coronene. 
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(20) 
While the main driver of the research into the oxidative coupling reaction prior 
to the 2nd world war was in dye research, after 1945 this gradually shifted towards 
the synthesis of big aromatic hydrocarbons. Synthetically, many changes occurred 
during this time with the reaction protocol gradually changing from employing solid 
or low melting AlCl3 compounds to solution-based reactions.93 The oxidative 
polymerization of benzene in AlCl3 and CuCl2 introduced yet other conditions,94 
which were later on modified to 25 °C in AlCl3, Cu(OTf)2 and, CS2 by Müllen and co-
workers in order to lower the reaction temperature.95 
Hexa-peri-hexabenzocoronene (HBC, 8) was first synthesised in 1958 by Clar et 
al.96,97 Henceforth, a multitude of protocols have been developed, starting from 
hexaphenylbenzene (HPB, 7), mediated by CuCl2/AlCl3, AlCl3/Cu(OTf)2, FeCl3 or 
MoCl5, that all lead to an almost quantitative yield. This is especially interesting since 
six C-C bonds have to be formed in the process.93 In later years the Scholl reaction 
has also been successfully employed in the planarization of substituted HBCs 
(Equation 21).98 Especially FeCl3 seemed to be very tolerant towards bromine 
functions at the aromatic core.  
(8), (87-93 %)(7)
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(21) 
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 Mechanism of the Scholl Reaction 
In general, the cylodehydrogenation reaction can follow two pathways, an 
oxidative – the Scholl reaction – or a reductive one. For the Scholl reaction, there are 
two proposed mechanisms that seem to both have merit depending on the molecule 
and oxidant combination. The first proposed mechanism is closely related to the 
Friedel-Crafts reaction. Balaban and Nenitzescu even described the Scholl reaction 
as “the elimination of two aryl-aryl bound hydrogens accompanied by the formation 
of an aryl-aryl bond under influence of Friedel-Crafts catalysts”.92 Studying the 
mechanism of the Scholl reaction, two factions formed – one proposing an arenium 
cation mechanism99 and the other favoring a radical cation mechanism.100,101 
The starting point of the arenium cation mechanism (Figure 4.13) is the 
protonation of the aryl species to form an electrophilic σ complex 9’. This complex 
is then capable of being attacked by another aromatic ring, forming a new carbon-
carbon bond 9’’ in the process. The last step is the elimination of dihydrogen to 
reform the conjugated system 10. 
(9)
+ H+
H
H
HH
H
H
H
- H+ - 2 H
(9') (9'') (10)  
Figure 4.13 The arenium cation mechanism proposed for the Scholl reaction on the example of 
1,1′-Binaphthyl (9). Alternatively, Lewis acids can also attach and create the σ complex 9’. 
A lot of experimental evidence supports this mechanism. One major piece of 
evidence is the observation that besides FeCl3, AlCl3 and other Lewis acids, 
anhydrous HF102 or PhSO3H103 can cause a Scholl reaction. In these media, the radical 
cations proposed in the other mechanism cannot be formed. Furthermore, modern 
computational methods have shown that the arenium cation mechanism is 
thermodynamically favored due to lower energy transition states.87,104,105 
In contrast, the radical cation mechanism (Figure 4.14) postulates the formation 
of radical cations 9* in order to form a new carbon-carbon bond 9**. The last step 
is again the elimination of dihydrogen to reform the aromatic system. A problem in 
discerning between the two mechanisms is the fact that FeCl3 – the most commonly 
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used reagent for the Scholl reaction – is a Lewis acid and an oxidant at the same 
time. Hence, it can cause both pathways to occur. To shed light on the controversy, 
using the mild DDQ-MeSO3H system, Rathor and co-workers presented strong 
evidence for the radical cation mechanism in the triphenylene synthesis.106 They also 
point out that the reliance on strong oxidants to support the arenium cation 
mechanism is contradicted by the observation that even mild oxidants like air or 
iodine can produce the aromatization. 
(9)
- e-
HH
(9*) (9**) (9***)
HH
- e-
HH
(10)
- 2 H+
 
Figure 4.14 The radical cation mechanism proposed for the Scholl reaction on the example of 
1,1′-Binaphthyl 9.  
Since both pathways have been reportedly observed – at least for some 
compounds each – it is valid to say that both of them describe feasible mechanisms 
for the Scholl reaction. Depending on the conditions, low or high temperature, 
strong or weak oxidant, the reaction seems to follow different pathways. Grzybowski 
et al. point out, that the high-temperature AlCl3 reaction first described by Scholl is 
most likely obeying the arenium cation mechanism while the newer, low-
temperature pathways, are more likely to progress via the radical cation route.93 
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Applications of the Scholl Reaction 
As elaborated above, the Scholl reaction is the method of choice for the 
planarization of oligophenylenes. While the molecules synthesised in the times of 
Scholl do not attract as much interest anymore, they paved the way for a completely 
different chemical discipline. Since the isolation of Graphene in 2004*,107 several 
pathways have been explored in order to achieve a controllable and scalable 
synthesis.108 Chemists and physicists quickly realized that a defined edge-structure 
is of utmost importance to enable the use of graphene and graphene nanoribbons 
in electrical applications.109 One method of synthesis that has been explored in this 
context is the bottom-up-approach. And as suggested by the name of this chapter, 
the Scholl reaction is an integral part of this process. Since most of the pathways 
towards nanographenes and graphene nanoribbons (Figure 4.15) proceed via 
twisted polymers or molecular precursors, their planarization is usually the last step 
in their preparation.110 
Figure 4.15 Classification of the graphene terminology illustrated over a large size scale. PAH or 
Graphene molecules make up the smallest sizes between 1 and 5 nm while graphene nanoribbons are 
strips with a maximum width of 10 nm and a length to width ratio of over ten. Copied from 110 with 
permission of “Wiley and Sons”. 
Initiated by the fascinating chemistry of PAHs, the bottom-up synthesis of the 
latter has been investigated thoroughly. These efforts cumulated in the synthesis of 
the largest graphene molecule to date, the C222 – consisting of 222 carbon atoms – 
* For the isolation and characterization of graphene Andre Geim and Konstantin
Novoselov were awarded with the Nobel Prize in physics in 2010. 
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with a disc diameter of 3.2 nm (Figure 4.16).95 This molecule proved to be hard to 
planarize under the common Scholl conditions and a mixture of copper triflate and 
aluminum chloride in carbon disulphide finally led to the desired graphene 
molecule. This synthesis also highlights one of the major problems in this research 
field: while the precursors are twisted and therefore easily soluble, including in the 
case of C222, the planarized molecules are basically insoluble in common organic 
solvents. A workaround applied by synthetic chemists is the introduction of 
solubilizing alkyl chains.111 Another method reported is the edge-chlorination of 
these compounds by a post-treatment, as investigated by Tan et al.112 
C222C78C48
C42 C60
Figure 4.16 Examples of big graphene molecules, ranging from HBC (C42) to C222. 
For smaller molecules like HBC, C60, and others (Figure 4.16), solubility is still a 
problem, but their synthesis is generally more versatile allowing a tackling via 
multiple approaches. Their charm lies in the accessibility of different sizes, 
symmetries and edge compositions, allowing for the investigation of the latter in 
terms of energy levels and spin states.113 
Since a synthesis of even bigger PAH has not been achieved yet – the synthesis 
of C474 was investigated but the planarization was only partial – the focus has since 
shifted to other molecules.111 Graphene nanoribbons are typically synthesised by 
one of three methods. Besides a similar bottom-up approach, the two most common 
methods are the surface synthesis in TEMs and the unzipping of carbon 
nanotubes.110 While there is a dehydrogenation step in the surface-based method, it 
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cannot be considered a Scholl reaction since it follows a reductive pathway.114 In the 
past, several attempts towards the production of GNR by the bottom-up method 
have been undertaken but only a few of them led to long, soluble nanoribbons. One 
of the first approaches by Müllen and co-workers revealed that, although solubilizing 
dodecyl chains were introduced into the molecules, ribbons with more than 132 
carbon atoms in their backbone could not be analyzed because of their lack of 
solubility.115 
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Figure 4.17 Synthesis of a nanoribbon with solubilizing groups. The irreversible Diels-Alder reaction is 
followed by a Scholl reaction to planarize the polymers. Reproduced from 115. 
Consequently, other preparation methods have been proposed. Via the Suzuki 
polycondensation, ribbons with a length of up to 12 nm could be generated and 
successfully planarized via the Scholl reaction.116 Even longer GNRs are accessible 
by utilizing a zigzag polymer backbone, which enhances solubility by itself, in 
combination with solubilizing groups. It was again a Suzuki polymerization, where 
this strategy was successfully implemented. Hereby, 40 nm long ribbons could be 
achieved.117 
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Figure 4.18 Synthesis of a kinked nanoribbon with solubilizing groups. The Suzuki Polycondensation 
reaction is followed by a Scholl reaction to planarize the polymers. Reproduced from 117. 
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Although, as outlined above, the Scholl reaction is a versatile tool for the 
planarization of GNRs, several problems were encountered during the years. One 
major drawback is that sometimes only partial planarization can be achieved,118 
while in other cases the regio-selectivity is unfavourable.117 There are also reports of 
unexpected migrations and rearrangements during the Scholl reaction.119 
To sum up this chapter, the potential of the Scholl reaction as an easy and 
relatively well-understood method for the planarization of nanographenes and 
graphene nanoribbons alike is apparent. One of the main challenges is the solubility 
of the reaction products, which has led to the extensive introduction of solubilizing 
groups. Appreciable solubility is usually only achieved in CCl4 and CS2, both solvents 
which should generally be avoided due to their toxicity and environmental impact. 
Therefore, it would be of considerable interest to develop a method to avoid toxic 
solvents and solubilizing groups altogether, while maintaining the general feature 
of high yields for this kind of reaction. For this reason, part II of this thesis is focused 
on establishing such a pathway. 
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5 RESULTS AND DISCUSSION 
PART I – MECHANOCHEMICAL POLYMERIZATION 
Mechanochemical reactions combine several beneficial traits for the synthesis 
of materials. Offering a fast and cheap way to produce tailored materials on a 
suitable scale, this methodology can tackle many persistent limitations of material 
synthesis at once. Especially in polymer syntheses, solubility problems scope and 
efficiency of viable polymerization reactions and thus the range of accessible 
materials. Therefore, it makes sense to apply mechanochemistry in this field. There 
are two main reaction pathways towards porous polymers: metal and non-metal 
mediated reactions.120 Many of the underlying organic reactions are known to be 
accessible in a ball mill but only a few records of actually applying those to 
polymerization reactions have been reported prior to my entry into this field of 
research. This chapter is dedicated towards closing this gap by first of all applying 
known pathways to mechanochemical polymerizations and then expanding these 
towards “potentially”* porous polymers (Figure 5.1). In this context, several metal 
and non-metal mediated reactions are explored. 
* I chose the term potentially because, although the geometry and functionality of the
monomers might allow for a porous structure of the resulting polymer, it is known from 
solution-based protocols that a collapse of the pore structure is sometimes hard to avoid.  
Figure 5.1 Scheme of a mechanochemical polymerization. A: A2B2-type polymerization towards a 
linear polymer. B: A4B2 polymerization towards a porous polymer. 
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Schiff Base Polycondensation* 
Since polymerization reactions in ball mills are not well understood at the 
moment, the first objective was to shed light on how such a reaction is progressing 
in a ball mill. The phenol resins used by me earlier lacked the accessibility for 
common analysis methods due to their crosslinked structure. To avoid crosslinking 
while maintaining the reaction itself is not possible, this is why I switched to an 
easier controllable process in the form of a Schiff base reaction (Figure 5.2). First 
described by Kaupp and co-workers, the reaction between an aldehyde and an 
amine is progressing quantitatively in a ball mill.121 They showed how promising this 
waste-free approach can be by synthesising twenty different azomethines. From a 
polymer scientist point of view, this system is prone to be investigated: not only is 
the reaction fast but the polymerisation by solution methods suffers from the bad 
solubility of the forming polymer – an issue not relevant for a solid state reaction.122 
To overcome this obstacle, either high temperatures, multi-step reactions or toxic 
solvents such as hexamethylphosphoramide have been employed in the past.123 The 
resulting poly(azomethine)s (PA) are conjugated polymers that show a high thermal 
stability and photoluminescence.124 Therefore, they are especially interesting for a 
potential application as transparent conductors,125 liquid crystals,126 aerospace 
coatings127 and light emitting diodes.128,129 
For the synthesis of the poly(azomethine), equal molar amounts of both 
monomers p-benzoldicarbaldehyde and p-phenylenediamine were mixed together 
in a zirconium dioxide milling cup (V = 45 mL) with 22 zirconium dioxide milling balls 
(d = 10 mm) and milled for 30 minutes at 800 rpm in a planetary ball mill. Throughout 
the study the milling material, speed and duration was varied to obtain insights into 
the polymerization mechanism. 
* Some passages in this chapter have been quoted verbatim from my publication in RSC
Advances199 – Published by The Royal Society of Chemistry. 
Figure 5.2 Polycondensation reaction between p-benzoldicarbaldehyde and p-phenylenediamine 
conducted in a planetary ball mill. 
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Characterization of the Polymer 
Due to the insolubility of the polymer in common solvents, none of the textbook 
polymer characterization methods could be applied and I had to resort to other 
means to follow the reaction. At first, the general success of the reaction was 
determined by IR spectroscopy (Figure 5.3A). The appearance of a vibration of the 
imine group at 1609 cm-1 as well as the fading of the vibrations of the carbonyl and 
amine groups at 1686 cm-1 and 1514 cm-1 respectively, prove the formation of an 
imine group.130 While small vibrations for the C=O group are still remaining at 
around 1690 cm-1, the vibrations of the N-H functionality at 1514 cm-1 and between 
3000 and 3500 cm-1cannot be found in the polymer. This might be due to a slight 
excess of p-benzoldicarbaldehyde which is caused by impurities in the diamine 
monomer or monomer getting irreversibly trapped inside the polymer either 
statistically or through supramolecular association. The high intensity of the C-H out-
of-plane bend at 847 cm-1 is common for para-substituted phenyl units. In addition, 
the small bulge in the area between 3000 and 3500 cm-1 can be attributed to water 
released during the condensation reaction. 
The polymer was also investigated using solid-state UV/Vis (Figure 5.3B). Samples 
after 1 minute, 5 minutes and 60 minutes were analysed. After only 1 minute of 
grinding, the formation of the product could already be confirmed by the appearance 
of the band around 400 nm (π - system) but monomer absorption bands at 259 nm 
and 305 nm from p-benzoldicarbaldehyde still remained in the spectrum. 
Figure 5.3 A: IR spectra of the monomers and the polymer yielded by ball milling after 40 min with 
10 mm ZrO2 milling balls. Important vibrations are marked. B: Changes in the ss-UV/Vis spectrum
during the milling with 10 mm ZrO2 balls at 1, 5 and 40 min. The maxima at 259 nm and 305 nm are
from p-benzoldicarb-aldehyde while the ones around 420 nm are due to the π-system of the polymer. 
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Interestingly, only 5 minutes into the reaction the monomer peaks had almost 
disappeared completely and longer reaction times only lead to a bathochromic shift 
of λMAX from 420 nm to 427 nm. This is accompanied by a decrease of the optical 
band gap to 2.19 eV (Table 5.1 and Figure Appendix 1A) – far superior to literature 
values of 2.50 eV.130 This change can be attributed to the longer polymer chains and 
therefore bigger conjugated π-system achieved by the mechanochemical approach. 
The morphology of the samples was investigated using SEM. A glimpse onto 
the SEM micrographs (Figure 5.4) showed agglomerated micrometre sized particles 
with a smooth surface. This contrasts with the reference material, synthesised in a 
classical solution polymerization, which formed flaky particles. In addition, EDX 
measurements were also undertaken and showed signs of abrasion for samples 
milled with either iron or tungsten carbide milling vessels and balls. But neither 
zirconium dioxide nor silicon nitride showed traces of contamination from the 
respective milling media.  
Differences between the two polymerization methods could also be observed in 
the thermochemical behaviour of the materials. Investigations via DSC (Figure 5.5A) 
revealed a profound melting peak of the reference material at 375 °C with a melt 
Table 5.1 Optical band gaps for polymers created with different milling materials with 
10 mm balls and 60 min milling time. Optical band gaps were calculated from the solid 
state UV/Vis spectra using the Tauc plot.131 
Material 
λMAX / 
nm
Optical band gap / 
eV 
Zirconium dioxide 427 2.19 
Steel 428 2.21 
Tungsten carbide 427 2.23 
Figure 5.4 SEM micrographs of A: Polymer yielded by the mechanochemical reaction with 10 mm ZrO2 
balls after 60 min. B: Polymer yielded by solution polymerization. 
10 μm 2 μm 
A B 
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enthalpy of -15.27 J·g-1, while the melting peaks for the products in the ball mill were 
much broader with enthalpies only half as big and peak temperatures between 
350 °C and 360 °C. Both effects are expected for PA with growing chain length and 
diminishing crystallite size.132 The thermal resistance of the prepared materials with 
an onset of decomposition around 490 °C is quite high for polymers (Figure 5.5B).133 
The differences between both polymerization methods do not translate into 
differences in the degradation behaviour of the polymer.  
All undertaken analysis methods point towards longer chains created by the 
mechanochemical approach but the absolute chain length is hard to determine for 
an insoluble polymer. Standard methods like gel permeation chromatography can 
only be applied to a soluble sample. I therefore decided to turn towards two different 
techniques to get a molecular weight for the polymers. At first, the problem was 
approached with dynamic light scattering. In general polymers tend to coil up in 
suspensions. The size of this coil is dependent on the molecular weight of the 
polymer. For an unknown polymer the calibration of this method, however, is 
impossible, since several samples with known molecular weight must be measured 
to create a calibration curve. In this case, with a volume mean diameter (determined 
by dynamic light scattering) of the polymer (Figure 5.6A) of 140 nm the ball milled 
sample is way bigger than the reference sample with 5.5 nm. Furthermore, after one 
minute the particle diameter of the milled sample is already as big as the solution 
reference. With longer milling times the value is reaching a plateau around 140 nm. 
Since the concentrations and dispersion time of the samples have been kept 
Figure 5.5 A: DSC curves of the polymers obtained with different milling materials and the solution 
reference. B: TGA measurements of the decomposition under argon of polymers obtained with 
different milling materials and the solution reference. The inlet shows the main degradation step in 
better detail. 
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Investigation of the Mechanochemical Polymerization 
For an in-depth investigation of the mechanochemical polymerization I focused 
on the influence of the milling material and the ball size in the second part of the 
study. In addition to the analysis methods presented in this chapter, the kinetics of 
the reaction was also studied, to compare said parameters better. Due to the poor 
solubility of the polymer, textbook methods could not be applied to this system. I 
resorted to the intensity of the carboxyl group in the infrared spectrum to follow the 
progress of the polymerization. To compare the integrals with one another, they 
must be normed to an internal standard. The CH vibration at 2850 cm-1 was chosen 
for this purpose. Since the intensity of a vibration in the IR range is linearly 
proportional to the concentration of the specific group, the peak areas present an 
easy way to monitor the reaction (Equation 23). 
𝐶𝐶𝐶𝐶𝐶𝐶𝑣𝑣𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑡𝑡) = 1 −  �𝐴𝐴𝐶𝐶=𝑂𝑂𝐴𝐴𝐶𝐶−𝐻𝐻�𝑡𝑡 ∗ �𝐴𝐴𝐶𝐶−𝐻𝐻𝐴𝐴𝐶𝐶=𝑂𝑂�0 (23) 
At first, I was interested in the kinetics of the reaction in a ball mill. With the first 
experiments it had already been established, that the reaction is proceeding very 
swiftly. Polymeric products could be observed after as little as 1 minute of milling 
(cf. Figure 5.3B). The sampling intervals were tailored for this fast reaction. After 
several test runs, a sample was taken every 5 minutes in order to establish proper 
kinetics for the reaction. However, the biggest changes in the IR spectra can be 
observed at the beginning of the reaction (cf. Figure Appendix 1B). Via integration 
and normalization, it was established that the mechanochemical polycondensation 
Figure 5.7 Conversion of aldehyde functionalities (full lines and symbols) and 2nd order rate law (dashed 
lines and empty symbols) in function of the zirconium dioxide ball size. 
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follows a second order rate law (Figure 5.7). This reaction order is to be expected for 
non-catalysed polycondensation reactions. However, since the processes inside the 
ball mill are less well understood and, in some cases, widely differ from solution-
based analogues, this finding might prove useful in the future. On this basis, the 
milling ball diameter was varied to observe the differences in the kinetics of the 
reaction. From the literature it is known that, during the milling process, the ball size 
has two major influences on the result: first, smaller milling balls lead to a smaller 
particle size of the resulting powder, hence a bigger surface of reactants is available 
for the reaction. Secondly, the mass of the balls is proportional to their size and 
therefore the energy input during the reaction is increasing with bigger balls. The 
observations made confirm the latter (Figure 5.7). With an increasing ball size, one 
can observe a faster rate of the reaction (slope of the rate law curve). This 
observation was attributed to the higher collision energies of the bigger balls. In 
addition, the first statement can also be witnessed in these curves. While a plateau 
is reached for 15 mm balls after about ten minutes, for both the 10 and 5 mm milling 
balls the curve seems to be continuing with a different, slower, rate after the initial 
plateau around 1000 seconds. This effect could partly be due to a reduced “dead 
volume” (space were the balls cannot reach the powder) with smaller balls. In order 
to avoid this, another way to investigate the influence of energy input on the reaction 
had to be established. 
Besides the ball size, the ball material is an easy way to vary the energy input in 
the reaction. In the following experiments a wide range of material densities from 
14.89 g·cm-3 for tungsten carbide, over 7.9 g·cm-3 for steel to 5.7 g·cm-3 for zirconium 
dioxide has been explored. While the slopes in the 2nd order rate law also grow with 
the density of the material (Figure Appendix 2A), a better benchmark for the final 
polymer was needed. To easily compare the result, the focus was shifted towards 
the final conversion of aldehyde functionalities, according to IR measurements. This 
value (p) is of particular interest, since it is linked to the chain length of the polymer 
(𝑋𝑋�𝑘𝑘 ) via the Carothers equation (Equation 24).134 As it becomes apparent, this 
equation predicts that only at high conversions long polymer chains are obtained, 
while oligomers dominate beforehand. Consequently, the goal is to maximize the 
conversion to obtain polymers with a high degree of polymerization. 𝑋𝑋�𝑘𝑘 =  11−𝑝𝑝 (24)
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The trends observed for the kinetics hold true for the final conversion as well 
(Figure 5.8). The values are the highest for tungsten carbide and are very similar for 
steel and zirconium dioxide. While the sample milled with 10 mm zirconium dioxide 
balls is slightly worse than the steel sample, the 15 mm balls lead to a higher 
conversion and the 5 mm balls only marginally beat the solution-based process. 
However, all milling materials and ball sizes lead to a higher conversion than the 
reference sample. In an attempt to increase the conversion further, the influence of 
small amounts of solvents on the reaction (LAG), was studied as well. As described 
by Kaitner and co-workers, ethanol has a positive influence on the formation of 
azomethines.132 For the mechanochemical polymerization, a similar trend can be 
observed. The samples created by LAG show a higher and faster conversion than 
the ones prepared by neat grinding. Moreover, the ethanol is also promoting a 
crosslinking reaction in the polymer backbone (Equation 25).135,136 Since this is 
breaking the conjugated π-system and thereby increasing the optical band gap, the 
crosslinking can be seen in the solid state UV/Vis spectra (Figure Appendix 2B). 
(25) 
Figure 5.8 Conversion after 40 min for different milling materials, different ball sizes and with the 
addition of 0.2 μ·Lg-1 EtOH (LAG). 
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Conclusion 
Overall, the mechanochemical Schiff base polycondensation reaction can be 
carried out in a solvent- and catalyst-free manner in a ball mill. The model system of 
a conjugated PA achieved high conversion in a short time. The polymers showed 
high thermal stability and low optical bandgaps. In all benchmarks the 
mechanochemically synthesised sample is outperforming or at least on par with the 
solution reference. The chain length of the latter is limited by its poor solubility while 
the solvent-free process is not having these constraints.  
Furthermore, the influence of the milling ball size as well as the milling material 
on the polymerization reaction was investigated. Tungsten carbide milling material 
lead to the highest conversion but all mechanochemical syntheses yielded higher 
conversions than the classical solution polymerization. The energy input seems to 
be the key parameter which can easily be influenced by the milling material, ball size 
and potentially the milling speed. The reaction itself is progressing following a 
second order rate law in both systems. The addition of ethanol to the reaction 
mixture has a positive effect on the conversion. By applying this method to different 
monomers, these findings can lead to a scalable and sustainable production of PA.  
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Suzuki Polycondensation* 
After establishing the general possibility of polymerization reactions in a ball 
mill, a more complex system allowing for the possible synthesis of a broader field 
of advanced materials such as porous polymers,137,138 graphene nanoribbons139 and 
hyperbranched polymers,140 was investigated. 141 In the past it has been shown that 
Sonogashira,61,142 Mizoroki-Heck143,144 and Suzuki-Miyaura145 cross-coupling reactions 
can indeed be conducted mechanochemically.146 The influence of base, catalyst and 
small amounts of solvents have been reported.60,146,147 However, up to now, no 
mechanochemical cross-coupling polymerization has been reported. Indeed, such 
an approach would have an enormous potential in the synthesis of high 
performance materials.148–150 Where many state-of-the-art synthetic protocols suffer 
from economic and ecological problems due to large amounts of toxic solvents and 
expensive catalysts involved, a mechanochemical approach has neither of those 
downsides. In this study, the focus was set on the Suzuki cross-coupling reaction as 
a versatile tool for the synthesis of poly(phenylenes). Poly(para-phenylene) is a 
conjugated polymer which has been studied intensively in the past,151,152 for it is a 
promising material in organic photovoltaics and microelectronics.153,154 The 
electrochemical155–159 and solvent-based94,160,161 synthetic procedures, however, suffer 
from low yields and low molar masses of the synthesised polymers. Utilizing a 
mechanochemical synthesis, one can demonstrate that these limitations can be 
circumvented. Alongside the linear polymers, hyperbranched polyphenylenes have 
been in the focus of the scientific community.153,162,163 They combine the beneficial 
properties of the aromatic systems like a high temperature resistance with a good 
solubility and are therefore promising candidates for advanced coating systems and 
optical applications.164–166 
In this chapter the influence of the milling material, the milling time and the 
catalyst concentration is investigated. In addition to the classical A2B2 approach 
(A2 = dihalogenide and B2 = diboronic acid), an AB (bifunctional, bromide and 
boronic acid) system is elucidated for a linear and an A2B1 monomer (trifunctional, 
dihalogenid and boronic acid) for a hyperbranched polymer system.  
* Some passages in this chapter have been quoted verbatim from my publication in
Green Chemistry.53 – Published by The Royal Society of Chemistry.This work was further part 
of the master thesis of Bruno Wolfrum 10/16-03/17 that I supervised. He conducted most of 
the experiments. For publication the data gathered was interpreted and composed by me.  
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Model Reaction 
In advance to the Suzuki polymerization, it was verified whether multiple 
couplings on the same molecule can be conducted mechanochemically, by utilizing 
1,3,5-tribromobenzene 1 and phenylboronic acid 2 as model system (Figure 5.9). To 
achieve the desired product a stoichiometry of 1:3 was chosen. The successful 
selective multi-coupling was verified by IR spectroscopy and powder X-ray 
diffraction (Figure 5.10). The diffractogram not only reveals the success of the 
reaction, it simultaneously shows the absence of catalyst and wear debris in the 
product. The IR spectrum shows coherent results. While the O-H vibration 
(3260 cm-1) is strong in the spectra of the boronic acid 2, it is absent in the product. 
In addition, the C-B vibration (1348 and 1190 cm-1) is disappearing as well, while the 
C-C (1555 cm-1) and C-H (846 cm-1) vibrations are enhanced. It was therefore
concluded that the procedure is suitable to conduct multiple couplings without 
contamination. 
Figure 5.9 Reaction scheme for the model reaction between 1,3,5-tribromobenzene 1 and 
phenylboronic acid 2 towards 1,3,5-triphenylbenzene 3. 
Figure 5.10 A: IR spectra of the substances 1,3,5-tribromobenzene (1) phenylboronic acid (2) and 1,3,5-
triphenylbenzene (3) B: Diffractogram of 3 compared to a reference from the database (PDF: 33-1943).222 
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Linear Polyphenylene 
After the successful model reaction, the simple linear polymerization of the type 
A2B2 was attempted. In a preliminary investigation of the formation of poly(p-
phenylene) (PPP (6)) (Figure 5.11) with zirconium dioxide balls, it was found that after 
30 minutes a yield of 87 % was reached (Figure Appendix 3A). At this time the yield 
is not changing much anymore. Therefore, these conditions were chosen as the 
basis for further investigations. The nature of the cross-coupling reaction could be 
confirmed by the detection of potassium bromide in the mixture after milling. 
Furthermore, the absence of either base or catalyst in the milling vessel led to no 
discernible reaction. It is therefore safe to assume that the reaction is indeed a Suzuki 
polycondensation. Another important aspect to pay attention to prior to parameter 
investigations are possible side reactions. The selectivity towards polymerization via 
Suzuki cross-coupling was evaluated by homo-coupling attempts of the boronic acid 
and for the bromide under the same conditions. While the homo-coupling of the first 
lead to a 1 % of a polymeric product, no yield could be observed for the bromine. 
This is further confirmed by the absence of B-O and C-O vibrations at 1330 and 
1080 cm-1 in the polymer and therefore by-products seem to be neglectable.167 
Consequently, the next challenge was finding an easy and preferably quick and 
practical way to evaluate the length of the polymer chain. The insolubility of the 
polymer made text book methods like GPC unfeasible. Once again, the IR spectra 
Figure 5.12 IR spectra of 1,4-dibromobenzen (4) and 1,4-phenyldiboronic acid (5) towards poly(p-
phenylene) (6) Peaks corresponding to terminal and para substituted benzene rings are indicated. 
Figure 5.11 Reaction scheme for the A2B2 polymerization between 1,4-dibromobenzen 4 and 1,4-
phenyldiboronic acid 5 towards poly(p-phenylene) 6. 
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turned out to be the remedy. The IR spectrum (Figure 5.12) is characteristic for a PPP, 
with the principal absorption band at 804 cm-1. The smaller neighbouring bands at 
765 and 690 cm-1 can be attributed to the vibrations of the terminal phenyl rings. 
Additionally, no 2,3-substitution (absence of bands between 860 cm-1 and 900 cm-1) 
and no crosslinking (missing band around 1600 cm-1) took place.159 According to 
Aeiyach158 and Lacaze38 one can use these vibrations to approximate the degree of 
polymerization (DP) of PPP by utilizing Equation 26. Their work was later validated 
for longer polymers by Trivedi and co-workers.159 For solution-based procedures 
DP’s lower than 20 have been reported, while electrochemical methods reach values 
of up to 50 and CVD films have shown the highest value of 150.168 
By applying this equation to the polymers, the influence of several reaction 
parameters on the system was investigated. The A2B2 system shows varying yields 
between the different density materials (Table 5.2), with tungsten carbide 
(14.9 g·cm-3) resulting in a complete conversion, while silicon nitride (3.4 g·cm-3) only 
reached 43 % after 30 minutes of milling. For steel (7.9 g·cm-3) and zirconium dioxide 
(5.7 g·cm-3) similar yields of 83 and 87 %, respectively can be obtained in the same 
time. The DP was the highest for the zirconium system with 38, which is higher than 
conventional solution processes,159 but still rather low. In addition, only small 
differences can be seen in the thermal degradation of the polymers (Figure 5.13), 
hinting towards only minor differences between the materials synthesised with 
different milling materials. Observing this material under the TEM, one can observe 
a sheet-like structure of the polymer (Figure 5.13). Besides the milling material, the 
halogen function plays a crucial role in a Suzuki cross-coupling reaction. While 
bromides and iodides are the go-to functionalities in the standard solvent-based 
procedures, chlorides require special ligands to yield the desired products.169 For this 
Table 5.2 Overview of linear polymer samples synthesised mechanochemically. 
Polymerization 
type 
Material [Pd(OAc)2] / 
mol% 
Halide Yield / 
% 
DP 
AB3 ZrO2 14.5 Br 78 - 
A2B2 ZrO2 9.3 Br 87 38 
A2B2 Steel 9.4 Br 83 36 
A2B2 WC 9.3 Br 100 27 
A2B2 Si3N4 9.3 Br 43 21 
𝐷𝐷𝐷𝐷 =  2 ∗ 𝐼𝐼805𝐼𝐼690 + 2 (26)
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mechanochemical polymerization reaction one can observe a similar trend. While 
the chloride-based system only afforded a low yield of 10 %, the other halides, 
bromine and iodine, led to a high yield of 83 % and 86 %, respectively (Table 5.3 and 
Figure 5.14C). Furthermore, bromide and iodide-based polymers also show similar 
bands in the IR spectra, whereas the chloride-based polymer in addition also shows 
bands of leftovers from the boronic acid (Figure 5.14A). The highest DP of 21 could 
be found for the bromide and the iodide still reaches a DP of 17, while with chloride 
only 10 phenyl rings are connected after 30 minutes (Figure 5.14C). A look at the 
XRD curves (Figure 5.14B) paints the same picture, where the bromide-based sample 
has four clearly discernible reflexes, and both the iodide and the chloride samples 
only show very weak signals. The thermal degradation of the polymers 
(Figure Appendix 3B) is also revealing huge differences. Bromide and iodide-based 
polymers show a similar decomposition, with the iodide one having a delayed onset 
Figure 5.13 A: Comparison of the TGA curves of A2B2 polymers synthesized out of A2 monomers with 
different halogen functions. B: TEM micrograph of A2B2-1 (ZrO2).
A B 
Figure 5.14 Comparison of different halides bromine 4, chloride 7 and iodide 8 in the reaction with 1,4-
phenyldiboronic acid. A: IR spectra; B: XRD-diffractograms; and C: Yield and DP of the different 
polymers. 
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of the degradation. The polymer derived from the chloride monomer, however, is 
exhibiting a complete different behaviour. Form the differences in the spectra and 
thermal resistance it can be concluded that, due to the lower reactivity of the chloride 
functionality, the reaction is still unfinished, leading to short oligomers. Taking 
everything into account, one can state that bromide is the best functional group for 
the system, leading to the highest DP and yield, while also showing a defined 
polymer structure. In an additional study, the concentration of palladium catalyst 
introduced into the system was varied. Starting from 9 mol% as a reference point, it 
was reduced to 4.6 mol% and further down to 2.2 mol%. In the IR spectra as well as 
the XRD diffractograms, only small changes can be found (Figure Appendix 4A,B). 
The DPs of the discussed samples are also in a comparable range, between 19 and 
38 (Table 5.4). As expected, the yield after 30 minutes is lower for the samples with 
reduced catalyst concentration than for the reference sample. One can therefore 
decide whether a fast reaction or a reaction with less catalyst is more beneficial for 
the given application.  
Table 5.3 Influence of the halide used for the linear polymer samples synthesised 
mechanochemically. 
Polymerization 
type 
Material [Pd(OAc)2] / 
mol% 
Halide Yield / 
% 
DP 
A2B2 ZrO2 9.0 Cl 10 11 
A2B2 ZrO2 9.3 Br 87 38 
A2B2 ZrO2 9.1 I 87 18 
Table 5.4 Influence of the amount of catalyst used on the linear polymer samples synthesised 
mechanochemically. 
Polymerization 
type 
Material [Pd(OAc)2] / 
mol% 
Halide Yield / 
% 
DP 
A2B2 ZrO2 9.3 Br 87 38 
A2B2 ZrO2 4.6 Br 48 19 
A2B2 ZrO2 2.2 Br 31 27 
A2B2 ZrO2 0 Br 0 -
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The DP in polycondensation reactions is very sensitive to small deviations from 
the correct stoichiometry, as described in the Carothers equation (Equation 27).134 
By switching to an AB system (Figure 5.15), a perfect stoichiometry can be 
guaranteed at all points and therefore a higher DP is to be expected. To estimate the 
influence of this factor, the results obtained with the A2B2 monomer were compared 
to an AB type monomer (Figure 5.16).  𝐷𝐷𝐷𝐷 =  𝑋𝑋�𝑘𝑘 =  11−𝑝𝑝  (27)
The first observation was that all AB polymerizations lead to a higher DP than 
their counterpart in the A2B2 system, but in turn the yield was reduced. However, 
with a DP of 164, the silicon nitride milled sample is surpassing solution or 
electrochemical processes.168 Interestingly, samples milled with zirconia balls for 
60 minutes feature a lower DP than after 30 minutes. Taking also the rather small DP 
of samples milled with tungsten carbide and the outstanding DP of samples milled 
with silicon nitride into consideration, it is safe to assume that the high energy-input 
of high density milling materials and/or longer milling times cause a degradation of 
the formed polymer. In order to confirm this theory, SEM pictures of the samples 
were taken. For the zirconia milled samples (Figure 5.17A,B), one can observe mainly 
Figure 5.15 Reaction scheme for the AB type polymerization of 4-bromophenylboronic acid 7 
towards poly(p-phenylene) 6. 
Figure 5.16 Comparison of four different milling materials for the A2B2 and AB approach with DP (bar
chart) and yield (points). 
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Figure 5.17 A: SEM micrograph of A2B2-1 (ZrO2); B: SEM micrograph of AB-1 (ZrO2); C: SEM 
micrograph of AB-3 (Si3N4); Scale is given for each picture.
sintered particles with smooth surfaces, whereas the silicon nitride sample (Figure 
5.17C) is presenting smaller particles with rough surface. The powder XRDs shows 
three wide reflexes (at 19.8°, 22.8° and 28.2°) (Figure 5.18A). The tungsten carbide 
sample, however, only shows remnants of crystallinity, which is in good accordance 
with the IR results. In the thermal analysis, the main degradation step is shifted 
upwards by 50 °C, indicating longer chains for the AB system (Figure 5.18B). By DSC, 
no glass transition or melting for any of the polymers could be observed. This 
finding is in agrement with the literature, where the polymer is described as 
infusible.122 
Inherently, the ball milling process imposes steep limitations on in situ analysis 
methods; therefore, the mill is often referred to as a “blackbox” and in situ data of 
reactions is scarce.170 With a milling system equipped with pressure and temperature 
sensors (Fritsch, GTM system), however, said properties in the vessel during the 
milling process can be accessed. The build-up of temperature in the milling vessel 
can be attributed in part to the energy supplied to the system by the collision of the 
balls inside the vessels and in part to the enthalpy of the reaction. To eliminate the 
first factor, the temperature evolution of a background experiment, only involving 
A B C 
Figure 5.18 A: Comparison of the XRD diffractograms of AB polymers synthesized with different milling 
materials: WC (1), Si3N4 (2), Steel (3), ZrO2 (4). B: Comparison of the TGA curves of A2B2 and AB type 
polymers synthesized under the same conditions with ZrO2 balls. 
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the milling of potassium carbonate (Figure Appendix 5 and 6), was subtracted. * After 
establishing the background, the A2B2 type polymerization was conducted in these 
different material vessels. Most of the reaction heat is released in the first minute of 
grinding (Figure 5.19A), which is pointing towards a swift reaction. After the majority 
of monomers have reacted to form short oligomers, the heat released by the 
condensation towards a long polymer is distributed over a longer time period, 
leading to a plateau. A notable difference of these plateau temperature differences 
can be found for tungsten carbide (16 K), zirconium dioxide (11 K) and tempered 
steel (6 K) as milling materials, while the temperature in the silicon nitride bowl 
stayed approximately constant. This is likely due to the high heat capacity of the 
nitride paired with the low density, resulting in an only moderate increase in 
temperature, although the reaction is still yielding almost 50 % of product. This 
might also be due to differences in the heat transfer capability between the different 
materials. In combination with a slightly lower reaction speed, the enthalpy can be 
dissipated over longer time periods and make detection with a senor challenging. 
To demonstrate the reproducibility of this method, the zirconium dioxide experiment 
was repeated three times (Figure 5.19B). While the plateau is reached around the 
same time, the plateau temperature is subject to multiple variables and should be 
regarded with caution. For example, the use of a slightly above RT milling vessel has 
a huge influence on the delta T value, due to heat dissipation effects.  
  
* In the literature the use of an inert material to compare to the heat evolvement during 
a reaction is discussed critically right now.200 For this reason, I chose the base used in excess 
in this reaction to avoid the controversy. 
Figure 5.19 A: Development of the vessel temperature during the milling process for the A2B2 type 
polymerization. A background sample (only K2CO3 + milling balls) has been subtracted to eliminate the 
heat arising from the milling process itself. B: Study of the reproducibility of the GTM experiment in 
the zirconia beaker. Blank reference has been subtracted. 
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 Hyperbranched Polyphenylene 
After demonstrating the feasibility of this approach, the interest in a more 
thorough analysis of the polymers created by Suzuki polycondensation remained. 
This task, however, is almost impossible due to the insolubility of the products. To 
improve the solubility, several modifications can be made. Besides the incorporation 
of solubilizing groups, the introduction of branching points can lead to an increased 
solubility.140 This can be achieved by switching to an A2B1 system as shown by Kim 
and co-workers (Figure 5.20 and Table 5.5).163 Utilizing 3,5-bibromophenylboronic 
acid 8 as A2B1 monomer, one can observe a swift polymerization reaction via IR 
Table 5.5 Overview of the mechanochemically synthesised hyperbranched polymer samples. 
Polymerization 
type 
Material Time / 
min 
Tg / 
°C 
Rpm Yield / 
% 
A2B1 ZrO2 5 209 800 69 
A2B1 ZrO2 30 225 800 79 
A2B1 ZrO2 60 235 800 80 
A2B1 ZrO2 90 261 800 84 
A2B1 ZrO2 120 - 800 80 
A2B1 ZrO2 5 - 200 57 
Figure 5.21 A: IR spectra of the monomer (8) and the polymer (9) showing the formation of the 
hyperbranched polyphenylene B: N2-Physisorption isotherm of the hyperbranched polyphenylene after 
30 min of milling. 
Figure 5.20 Polymerization of 3,5-dibromophenylboronic acid 8 to the hyperbranched polyphenylene 9. 
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spectroscopy (Figure 5.21A). After only one minute, strong aromatic ring vibrations 
at 1582 and 1548 cm-1 are appearing, while the boron-oxygen and boron-carbon 
vibrations are diminished in intensity.167 This confirms the growing of a 
hyperbranched polymer as described in the literature.163 In the course of the reaction 
the polymer grows rapidly. The literature suggests that the hyperbranched polymer 
with a Mn of up to 35000 g·mol-1 should be readily soluble in THF and only precipitate 
when cooled. However, in order to obtain a soluble product, the energy input of the 
milling process had to be reduced, by reducing the speed to 200 rpm and the 
reaction time to 5 minutes. According to the GPC-LS measurements, the soluble 
fraction has a Mn of 5500 g·mol-1 and a PDI of 3.2 (Figure Appendix 8). One can 
therefore presume that the insoluble fraction consists of an even higher molecular 
weight fraction. Further proof is provided by nitrogen physisorption experiments 
(Figure 5.21B), which reveal a mesoporous solid with a specific surface area of 
35 m2·g-1 and a pore volume of 0.1 cm3·g-1 (Figure Appendix 7B). This is a strong 
indication that the degree of branching and polymerization are both high. 
In the past, 13C-NMR has been established as the go-to method for the 
determination of the degree of branching (DB) of hyperbranched polymers.140 For 
polymer (9), the signals between 140 and 146 ppm are caused by the bridging carbon 
atoms (C1) and the signals at 133-135 ppm are assigned to the carbon atoms in 
between two bromine atoms (C4). According to Kim and co-workers, the deviation 
of the C1/C4 ratio from 0.25 can be understood as the DB.163 For the polymer 9 
(Figure 5.22B) the calculated value of 0.74 is close to the literature value of 0.7, 
underlining similarities between these two approaches. 
Figure 5.22 A: Comparison of the DSC curves of the hyperbranched polyphenylene formed by the
reaction after different times B: 13C NMR of the THF-soluble fraction for the A2B1 polymer after 10 min
of milling in ZrO2. 
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In contrast to the linear polymers, for all but one of the hyperbranched samples 
one can observe a glass transition. Kim et al. found the Tg to be not influenced by 
the molecular weight of polymer 9 (for Mn = 2000-35000 g·mol-1) at 238 °C.163 In this 
case, however, with increasing reaction time, the Tg is growing from 209 °C at 5 
minutes up to 261 °C after 90 minutes of milling. At his point, the glass transition 
is already becoming barely visible in the DSC curve and for the sample milled for 
120 minutes no Tg can be discerned at all (Figure 5.22A). These findings also 
point towards a very high molecular weight of the resulting polymer. 
Furthermore, the thermal degradation of the hyperbranched polymer in argon 
can be observed starting at around 450 °C and peaking at 539 °C 
(Figure Appendix 7A). This is in accordance with the literature and only slight 
variations between the 30 and 120 minute samples can be seen. These are 
likely due to smaller oligomers still present in the 30 minute sample. The 
residual mass is around 40 % and 50 % respectively. 
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Green Metrics for the Suzuki Polycondensation 
Everybody can claim that their process is greener than established methods and 
it is hard to evaluate these claims. Thus, in the past, several metrics have emerged 
to quantify the ecological footprint of chemical processes. These so-called “green 
metrics” present a useful tool in the evaluation of new reaction pathways.171,172 While 
I strongly believe that the mechanochemical process is per se the more benign one, 
by comparing the solution-based process with the latter it becomes apparent how 
beneficial the solvent-free approach is (Table 5.6). In the following section I am 
focusing solely on the polymerization reaction and assume that the washing 
procedures are equivalent for all approaches.  
The first metric to be considered was the atom economy. It is a measure of the 
atoms present in the starting material versus the desired product and is therefore 
defined by the reaction type (Equation 28). The atom economy of the Suzuki reaction 
is not the most favourable (38 %), while it is the same for both pathways. Potential 
alternative pathways towards PPP include a Negishi or Kumada coupling, which 
proceed without palladium and boronic acids and therefore provide a better atom 
economy. 
However, in the Suzuki reaction the conventional solvent-based process 
additionally entails a very low mass productivity of 1.4 %, mostly due to the solvents 
present.163 This value is defined as the inverse of the mass intensity multiplied by 
100 (Equation 30). It can be visualized as the percentage of mass used in the process 
that is converted into the final product. For industrial processes a MP between 10 
and 40 is desirable.173 The mass intensity, on the other hand, is defined as the ratio 
Atom economy (AE) = �𝑀𝑀 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡)∑𝑀𝑀 (𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝐸𝐸)� ∗ 100 (28) 
Mass Intensity (MI) = �𝑇𝑇𝑃𝑃𝑡𝑡𝑇𝑇𝑇𝑇  𝑚𝑚𝑇𝑇𝐸𝐸𝐸𝐸  𝑃𝑃𝐸𝐸𝑢𝑢𝑃𝑃  𝑘𝑘𝑘𝑘 𝑡𝑡ℎ𝑢𝑢  𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑢𝑢𝐸𝐸𝐸𝐸)𝑀𝑀𝑇𝑇𝐸𝐸𝐸𝐸  𝑃𝑃𝑜𝑜  𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡 � (29) 
Mass productivity (MP) = (𝑀𝑀𝐼𝐼)−1 ∗ 100 (30) 
Table 5.6 Overview of the green metrics for the Suzuki polycondensation in different 
systems. 
Type Atom economy 
Mass 
intensity 
Mass 
productivity 
Reaction 
time 
Solvent-baseda 38 71.4 1.4 6 h 
Mechanochemical with bulking material 38 22.0 4.6 30 min 
Mechanochemical 38 9.4 10.6 30 min 
a according to reference 163 in 50 mL Xylene, 5 mL Ethanol and 20 mL K2CO3 sat. solution. 
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of the total mass of the process including solvents, reagents and catalysts and the 
mass of the final product (Equation 29).  
The mechanochemical system described here is offering a more than three 
times higher mass productivity, that can be increased even more by avoiding 
bulking material, by either reducing the size of the reaction vessel or increasing the 
amount of monomer per batch. Doing this, an outstanding mass productivity of 
10.6 %, suitable for industrial processes, can be obtained. In addition, the 
mechanochemical approach also offers the benefit of reduced reaction time, which, 
combined with the energy efficient milling system, leads to a significant decrease of 
energy consumption of the process. In order to validate this statement, the energy 
consumption was measured directly at the outlet. The Pulverisette 7 pulls 340 W for 
30 minutes (170 W·h), if two zirconium dioxide beakers with 10 mm milling balls are 
used at 800 rpm. This is a significant energy saving, considering that an oil bath 
requires 200 W to maintain the temperature of 150 °C. Over six hours, this adds up 
to 1200 W·h, seven times as much as for the mechanochemical approach. 
Another metric one can turn towards is the EcoScale.174 In this post-synthesis 
analysis tool, the reaction is evaluated based on yield, cost, safety, conditions and 
ease of workup. Each procedure is awarded 100 base points and subsequently 
Table 5.7 EcoScale calculation for the Suzuki polycondensation of the linear PPP. 
Parameter Penalty points: 
(Mechanochemical) 
Penalty points: 
(Classic)a 
1. Yield: 84 % / 75 % 8 12.5 
2. Dibromobenzene
 Phenyldibornicacid
 Pd(OAc)2 / Pd(PPh)4
 K2CO3
 Xylene
 Ethanol
0 
3 
3 
0 
- 
- 
0 
3 
3 
0 
3 
0 
3. Xylene (F)
 Ethanol (F) - 
5 
5 
4. Common setup
Argon atmosphere
0 
- 
0 
1 
5. Room temperature, <1 h
Heating, >1 h
0 
- 
- 
3 
6. Adding solvent
 Cooling Down
Simple filtration
0 
- 
0 
0 
0 
0 
Penalty points total: 14 35.5 
a according to reference 163 50 mL Xylene, 5 mL Ethanol and 20 mL K2CO3 sat. solution. 
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penalty points are subtracted to calculate the EcoScale. Penalty points can be 
awarded for example: for expensive reactants (3-5) or toxic substances (5-10). A full 
list of penalty points can be found in the experimental section in Table 7.2. 
Preparations with a EcoScale above 75 are then classified as excellent, between 75 
and 50 as acceptable and below 50 as inadequate. In my case, the comparison of the 
mechanochemical and classical Suzuki polymerisation of the linear PPP is in 
accordance with the other green metrics (Table 5.7). The classical approach is 
achieving a EcoScale of 64.5, suffering mainly form a low yield, inflammable 
solvents and the required heating. One the other hand, the mechanochemical 
process can be classified as “excellent” with a EcoScale of 86. 
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 Conclusion 
Summing up, a new solvent-free Suzuki polycondensation protocol for the 
synthesis of liner PPP and hyperbranched polyphenylene was developed. The 
reactions took place in a non-inert, atmosphere without the need of special ligands 
for the palladium catalyst. The influence of different parameters on the reaction was 
observed, and it was found that bromide and iodide functionalities both lead to the 
formation of the desired polymers, in as short as 30 minutes. Furthermore, the 
utilization of AB type monomers is largely beneficial in the solvent-free environment, 
generating poly(para-phenylene) with a DP of up to 164 and thereby surpassing 
solution and electrochemical processes. In addition, the solid-state reaction is 
proceeding much faster, reaching high yields after only 30 minutes, compared to 12 
to 24 hours in solution. For the A2B1 approach, hyperbranched polymers with a 
good thermal stability could be isolated. It was shown how beneficial the 
mechanochemical approach can be by the application of green metrics. The mass 
productivity was found to be by a factor of ten larger compared to the solution-based 
approach. In combination with the energy and time economy provided by this low 
temperature approach, the mechanochemical Suzuki polycondensation has been 
established as a true green alternative to existing procedures.  
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Oxidative Polymerisation* 
Microporous polymers can be obtained by a wide range of reactions, most 
commonly Friedel-Crafts alkylations,175 cross-coupling reactions,154 Suzuki 
polycondensation (see 5.1.2), Schiff base reactions176 (see 5.1.1), 
cyclotrimerizations,177 imidisation and amidisation reactions178 are utilized. Another 
pathway proposed by Thomas et al. is the oxidative coupling of 1,3,5-tris(2-
thienyl)benzene to obtain a microporous thiophene polymer (MTP), also referred to 
as conjugated microporous polymer (CMP-12).179 Porous organic polymers (POPs) 
are particularly interesting for the application in organic photovoltaics,120,180 
hydrogen evolution reaction181 and in catalysis.15,16  
However, almost all of the microporous polymers suffer from low solubility even 
at elevated temperatures. Polymerization reactions in solution are thereby inherently 
flawed and only produce a low degree of polymerization, due to instant precipitation. 
A common workaround for POPs is the ionothermal synthesis in sealed ampules 
under harsh conditions.177 Recently, Troschke et al. have presented a 
mechanochemical pathway for the synthesis of POPs.86 Inherently a solvent-free 
method, solubility of neither starting materials nor products has to be taken into 
account which makes mechanochemistry perfectly suited for the synthesis of POPs. 
In this chapter, the focus is on developing a protocol for the solvent-free 
oxidative polymerisation of 1,3,5-tris(2-thienyl)benzene under mechanochemical 
conditions (Figure 5.23). The influences of oxidant, milling parameters like milling 
speed, ball-to-powder ratio, milling time, and ball size on the yield and surface area 
of the polymer are explored. Furthermore, by utilizing an advanced milling setup 
equipped with in-vessel temperature and pressure sensors, a profound insight into 
the reaction is gained. The nature and structural properties of the MTP were 
investigated via 13C CP MAS (Cross Polarization Magic Angle Spinning) NMR 
spectroscopy, FT-IR, TGA, XRD, elemental analysis, and nitrogen/argon 
physisorption.  
* Some passages in this chapter have been quoted verbatim from my publication in the
Journal of Material Chemistry A.216 – Published by The Royal Society of Chemistry.This work 
was further part of the bachelor thesis of Maike Oltermann 07/17-10/17 that I supervised. She 
conducted most of the experiments. For publication the data gathered was interpreted and 
composed by me. 
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a decrease of surface area occurs with an increasing milling speed, hinting towards 
a collapse of the porosity under the high energy milling conditions. Beyond surface 
area, the yield is also strongly impacted by the FeCl3 equivalents (Figure 5.25). Taking 
the reaction conditions into consideration, it is likely that in the non-inert atmosphere 
a fraction of the anhydrous FeCl3 transfers into the hexahydrate upon contact with 
moisture. Thus, the smaller yields and surface area could be explained by the 
retarded activity of the hydrated FeCl3 in the oxidation reaction. 
Figure 5.25 Results of the DOE (cf. Table 7.6). Visualization of the main effects on the yield of the MPT
polymer. Red dots represent the centre point experiments with an average value of each of the
parameters. 
Figure 5.24 Results of the DOE (cf. Table 7.6). Visualization of the main effects on the surface area of 
the MPT polymer. Red dots represent the center point experiments with an average value of each of 
the parameters. 
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 Structural and Chemical Characterization  
After establishing these optimized conditions, the porous nature of the polymer 
obtained by the latter was investigated (Table 5.8). The surface area is an important 
property of POPs, especially in the context of future applications.13 While often 
nitrogen physisorption at 77 K is used to characterize porous materials, it has been 
shown recently that analyses based on nitrogen adsorption overestimate the surface 
area and result in inaccurate pore size distribution of polar materials.184 In this case, 
the thiophene moieties possess a polar nature and hence argon physisorption at 
87 K, as recommended in a recent review, was measured for these samples.185 The 
argon isotherm (Figure 5.26A) shows a type I shape with an additional contribution 
of larger macropores, most likely due to interparticular condensation at higher 
pressures. Surprisingly, the typical swelling behaviour, as in the solvent-based 
reference (MTP-Sol, Figure Appendix 9) or the literature, could not be observed in 
the ball milled sample.179 This observation again points to a higher degree of 
Table 5.8 Characterization data of MTP-1 from different reaction routes. 
Sample SSABET / m2·g-1 
Pore Volume / 
cm3·g-1 
Yield / 
% 
MPT-1a 1850 0.95 98 
MTP-1-Sol 160 0.13 19 
MTP-1-Literature179 1060 0.69 -a 
a with optimized reaction conditions; b calculated from argon physisorption experiments at 
87 K; c calculated from nitrogen physisorption at 77 K; d determined at p/p0 = 0.9; e described 
as “almost quantitative” and “high” but not quantified in the literature 
Figure 5.26 A: Low pressure argon isotherm of MPT-1 at 87 K exhibiting a BET surface area of 
1850 m2·g-1 and a pore volume of 0.99 cm3·g-1 at 0.9 p/p0 B: Pore size distribution calculated from A 
using the QSDFT method. The mainly microporous material possesses a dominant pore at around 
1.6 nm. 
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polymerization and crosslinking and therefore a more rigid structure of the polymer. 
Applying the BET equation results in a specific surface area of about 1850 m2·g-1 and 
total pore volume of 0.99 cm3·g-1 (at 0.9 p/p0). By the means of QSDFT calculations* 
the pore size distribution (Figure 5.26B) for MTP-1 was established, which shows one 
dominant pore size at 1.6 nm. This is in good agreement with the literature.179 
Utilizing Material Studio®, the structure of the porous polymer (Figure 5.27) based 
on stacked layers with hexagonal channels perpendicular to the layers was 
calculated. The channels exhibit a pore diameter of 1.62 nm, which is in agreement 
with the experimental argon physisorption measurements. Compared to the surface 
area of 1060 m2·g-1 reported by Thomas and co-workers for the solution-based 
protocol, it is apparent that mechanochemistry produces materials with higher 
surface areas.179 One possible reason for the lower porosity of the solvent-based 
polymer is the low solubility of the latter. As described in their paper, the 
precipitation of yellow polymer can be observed immediately, hinting towards an 
incomplete network formation.179 
XRD measurements (Figure 5.28A,B) show that MPT-1 is an amorphous 
polymer. It does not show reflections of either the monomer or the simulated crystal 
structure of the polymer (Figure 5.28C). This observation is in agreement with other 
polymer networks synthesised under similar conditions.120,186 While the 
physisorption experiments point towards the motive of hollow tubes with a diameter 
of 1.6 nm to be present in the polymer, the diffraction data strongly suggest that 
these motives possess no long range order of any fashion. Furthermore, the XRD 
  
* I utilized the QSDFT kernel for carbon materials, which is not perfectly suited for this 
polar polymer. However, due to a lack of alternatives this is common practice in the POP 
community. 
Figure 5.27 Simulated polymer structure with the 1.62 nm pore colour code: C (grey), H (white), S 
(yellow). 
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diffractograms as well as the energy dispersive x-ray spectroscopy mappings show 
the absence of crystalline and amorphous iron and zirconia phases. One can 
therefore rule out a contamination of the polymer with abrasion from the milling 
balls and leftover oxidant. The purity of the polymer is further confirmed by 
elemental analysis (Table 5.9), indicating high values of sulphur (meas.: 26.74 %, 
calc.: 29.92 %) in the polymer, as expected from the thiophene moieties.  
Furthermore, the 13C CP MAS NMR spectrum of MTP-1 agrees well with the NMR 
data found in the literature (Figure 5.29A).179 Note that the peak assignment provided 
Table 5.9 Data of the elemental analysis of the mechanochemical and solvent-based MTP-1. 
Sample Found / % Calculated / % 
C H N S C H N S 
MPT-1 60.37 2.03 - 26.75 67.25 2.8. - 29.92 MTP-1-Sol 62.41 2.42 - 26.43 
Figure 5.29 A: 13C CP MAS NMR spectrum of MTP-1 with the structure and peak-assignment as an inlay. 
 (* spinning side bands) B: FT-IR spectra of MPT-1 (2) and the monomer 1,3,5-tris(2-thienyl)-benzene
(1) showing intact C-S vibrations for the polymer. 
Figure 5.28 X-ray diffraction pattern of A: 1,3,5-tris(2-thienyl)benzene B: MPT-1 highlighting the
amorphous structure of the polymer. C: Simulated powder X-ray diffraction pattern of MPT-1. 
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in the figure was slightly modified based on the simulations of Dr. Paasch, using the 
program ACD/Labs®. This assignment was confirmed by HETCOR experiments of 
MTP-1 (Figure Appendix 10) and HR (High resolution liquid-state) NMR 
measurement of the monomer (Figure Appendix 11). In addition to the NMR 
experiments, the incorporation of intact thiophene units into the polymer network is 
further confirmed by FT-IR spectroscopy (Figure 5.29B), showing the C-S vibration 
remaining at 695 cm-1. Furthermore, MPT-1 shows high thermal stability, 
decomposing in air (Figure Appendix 13A) at around 300 °C. The residual mass of 
only 0.3 %, confirms the absence of both abrasion and oxidant. In argon atmosphere 
(Figure Appendix 13B), the decomposition proceeds slowly and differential thermal 
analysis reveals peaks at 577 °C and 767 °C with a leftover mass of 52 % at 1000 °C. 
Scattering electron microscopy revealed an agglomerated morphology of the 
samples (Figure Appendix 12). 
Previously, in situ temperature and pressure measurements have been shown 
to give indications on the progress of a mechanochemical reaction.52,53,86 While the 
rise of temperature (Figure 5.30A) was not significant, for this reaction one could 
observe a steep rise of pressure (Figure 5.30B) during the milling process. This rise 
can be attributed to the release of HCl during the reaction. The latter is released as a 
gas due to the solvent-free nature of the process. The pressure profile reveals the 
swiftness of the reaction, reaching a small plateau after less than 5 minutes. 
Afterwards, the increase in pressure is mainly due to the macroscopic heating of the 
reaction vessel but a minor contribution of the ongoing polymerization reaction 
cannot be ruled out completely.  
Figure 5.30 A: Development of the relative vessel temperature during the milling process comparison 
of MPT with a vessel filled with FeCl3 as reference at 800 rpm. B: Development of the relative vessel 
pressure during the milling process comparison of MPT with a vessel filled with FeCl3 as reference.  
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 Carbazole Monomers 
To prove the generality of the improved synthesis beyond thiophene 
monomers, the concept was furthermore applied to the synthesis of a microporous 
carbazole-based polymer (MCP-1). This polymer is starting from 1,3,5-tri(9-
carbazolyl)benzene and was previously synthesised by Dai and co-workers in a 
mixer ball mill (Figure 5.31).187 While Dai and co-workers briefly investigated the 
influence of the milling parameters and their optimized conditions lead to a polymer 
with a surface area of 940 m2·g-1, the protocol at hand produces a polymer with a 
surface area of 1710 m2·g-1 (Figure Appendix 14) – almost twice as high. The 
differences between the two procedures are not only in the equivalents of FeCl3 but 
also the fact that a mixer ball mill was used for the latter. The transfer of protocols 
between these two mill types bears many challenges. While a direct comparison of 
these two methods for the production of porous polymers would be of interest, such 
a study does not exist to the best of our knowledge. These findings demonstrate the 
versatility of this method, making it applicable in a wide range of polymerization 
reactions.  
Figure 5.31 Oxidative polymerization of 1,3,5-tri(9-carbazolyl)benzene towards the microporous 
carbazole polymer. 
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 Conclusion 
To sum up, a novel pathway for the oxidative polymerisation of the thiophene-
derivate 1,3,5-tris(2-thienyl)benzene is described in this chapter. The formation of 
MTP-1 under ball milling conditions proceeds quantitatively, swiftly and leads to a 
highly microporous material. By avoiding solubility issues, enhanced crosslinking of 
the polymer can be achieved, leading to a specific surface area of 1850 m2·g-1, almost 
twice as high as the values reported for the solution-based process, and a pore 
volume of 0.95 cm3·g-1. The narrow pore size distribution with a uniform pore size of 
1.6 nm perfectly fits the simulated structure of the polymer. The successful structure 
formation is further confirmed via FT-IR and 13C CP MAS NMR spectroscopy. In 
addition, contamination from the milling material or the oxidant could not be 
detected in the polymer, confirming the superiority of the mechanochemical 
approach over solution-based synthesis. Furthermore, it has been demonstrated 
that this protocol can be extended to other monomers, thus displaying a versatile 
and potentially easily scalable process for the production of microporous polymers 
and thereby enabling utilization in an industrial scale for this emerging class of 
porous materials.   
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 PART II – GRAPHITIZATION 
 Scholl Reaction* 
The Scholl reaction,87,89,93 a Lewis acid catalysed oxidative cyclodehydrogenation 
forming aryl-aryl bonds (Figure 5.32), is at the heart of the bottom-up synthesis of 
polycyclic aromatic hydrocarbons (PAHs)188 or nanographenes and graphene 
nanoribbons (GNRs).189 These materials have been studied extensively in the last 
20 years, predominantly because of their semiconducting properties and potential 
applications in organic electronics. In contrast to thermally activated 
cyclodehydrogenation in on-surface synthesis,114,150,190 the solution-mediated Scholl 
reaction is the key transformation to produce fully pi-conjugated („graphitized“) 
materials on the gram scale.191 Müllen and co-workers, demonstrated that a 
multitude of nanographenes and GNRs can been produced this way,95,110,188,189,192–194 
culminating in the synthesis of C222 - a PAH consisting of 37 benzene rings.95 A main 
restriction is the intrinsic low solubility of extended nanographenes and GNRs due 
to strong aggregation by pi-pi interactions. Especially for the larger monomers 
solubility is a main concern, but even the smallest planarized hexabenzocoronene 
(HBC) is barely soluble in common organic solvents even at elevated temperatures. 
GNRs face the same challenges and a common way to circumvent this is the 
introduction of solubilizing groups, preinstalled into the monomers.188,189 This 
presents not only additional steps in their syntheses but also a bad atom economy 
for the production of nanoribbons. 
  
*Some passages in this chapter have been quoted verbatim from my publication in 
Chemical Communications.52 – Published by The Royal Society of Chemistry. 
Figure 5.32 Scholl reaction of HPB to HBC. 
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But where solvent-based chemistry fails, other methods have to step in. As 
demonstrated throughout this thesis, mechanochemical methodologies have been 
explored as a powerful tool, offering at least as much flexibility as solvent-based 
processes.29,30 While Tanner and co-workers discovered the potential of a Fe(III) 
catalysed oxidative coupling of 2-naphtol,195 it was not yet applied to more complex, 
insoluble systems like nanographenes. After demonstrating that long 
poly(phenylene)s –which are also the precursors in PAH and GNR chemistry – can 
be synthesised in a ball mill (Chapter 5.1.2), the missing step towards a completely 
solvent-free bottom-up fabrication of GNRs lies within the cyclodehydrogenation 
(“graphitization”) of corresponding precursors. In this chapter, I will focus on 
developing a protocol for the solvent-free Scholl reaction under mechanochemical 
conditions as a versatile tool for the cyclodehydrogenation, “graphitization” of 
oligophenylene precursors into benchmark nanographenes such as HBC, triangular 
shaped C60H42 and the massive C222.  
The influence of the Lewis acid/oxidizing agent, milling parameters like milling 
speed, ball-to-powder ratio, milling time and ball size were investigated. 
Furthermore, a profound insight into the reaction was gained by utilizing an 
advanced milling setup equipped with in-vessel temperature and pressure sensors. 
The quality and structural homogeneity of produced nanographenes have been 
confirmed by MALDI-TOF mass spectrometry and UV/Vis absorption spectroscopy. 
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 Scholl Reaction of Hexaphenylbenzene 
Starting from hexaphenylbenzene (HPB), a commercially available precursor, 
the feasibility of the Scholl reaction under mechanochemical conditions in a 
planetary ball mill was investigated. It was quickly discovered that FeCl3 x 6 H2O is 
not promoting the reaction, but anhydrous FeCl3 is. Initial experiments turned out to 
be very promising, the yield could be quickly raised to 95 % in a 45 mL zirconium 
dioxide milling vessel with twenty-two 10 mm balls at 800 rpm, adapting the 
literature known conditions for solution synthesis: 12 equiv. FeCl3 per H atom 
involved in aryl-aryl bond formation (Table 5.10). The experiments were conducted 
with 0.1 g of the HPB and NaCl as bulking material. MALDI-TOF mass spectrometry 
of HBC-1 showed the most intense signal at m/z = 522 g·mol-1, which represents 
exactly the target molecule (Figure 5.33A). UV/Vis measurements (Figure 5.33B) 
further confirmed the successful synthesis of HBC. The liquid state spectrum shows 
Table 5.10. Reaction conditions and yields of HBC syntheses; Reaction conditions if not 
stated otherwise: 800 rpm, 22x 10 mm balls, ZrO2, 12 equiv. FeCl3 per H, NaCl as bulking agent. 
Sample Milling material Milling time / min 
Yield[a] / 
% 
HBC-1 ZrO2 60 95 
HBC-2 Steel 60  -[b] 
HBC-3 WC 60 -[b] 
HBC-4 Si3N4 60 97 
HBC-5 ZrO2 30 92 
Figure 5.33 A: Scholl reaction of C42H30 to C42H18, milled with 22x 10 mm zirconium dioxide balls
recorded MALDI-TOF spectra of HPB (1), HBC (2), and calculated MALDI-TOF spectra of HBC (3) B: 
UV/Vis measurement of HBC in toluene (c = 1.1·10-5 mol·L-1) showing the peaks reported in the 
literature. 
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distinct peaks at 339, 357 and 385 nm, which is in good agreement with the 
literature.196  
After this preliminary result, the influence of different mechanochemical 
parameters on the reaction were studied. In general, the understanding of how and 
why they influence the mechanochemical reaction is still in its infancy.29 Several 
attempts have been undertaken to illuminate the processes inside the milling 
vessel.197,198 A main aspect that these protocols generally share is the dependence 
on the introduced energy.198,199 At first, experiments with different milling materials, 
ranging from silicon nitride (ρ = 3.25 g·cm-3) over zirconium dioxide (ρ = 5.7 g·cm-3) 
and tempered steel (ρ = 7.9 g·cm-3) to tungsten carbide (ρ = 14.9 g·cm-3), were 
conducted, to investigate the density influence of the milling material (vessel and 
balls) and therefore the amount of energy introduced. (Figure 5.34A). The formation 
of HBC could be observed for all four milling materials (samples HBC-1 to HBC-4). 
However, for tempered steel and tungsten carbide, a large amount of chlorinated 
side product and abrasion of the milling material could be detected. 
Chlorination is a known side effect of the Scholl reaction and is also observed in 
liquid state approaches. For some applications, chlorination is even wanted, and so 
additional reactions steps are introduced to this effect. This matter will be further 
discussed in a separate chapter (5.2.2). For this model reaction, however, a 
chlorination of the HBC is unwanted. Therefore, further investigations were 
Figure 5.34 A: MADLI-TOF measurements of the HBC system milled with different milling material. 
Conditions: 800 rpm, 22 balls, 60 min, (1) WC, (2) steel, (3) ZrO2, (4) silicon nitride. B: MADLI-TOF 
measurements of the HBC system milled for different reaction times. Conditions: 800 rpm, 22 balls, 
ZrO2. The ratio between HBC (522.4) and the monochloro adduct (556.3) are given. 
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continued with the zirconium dioxide system, in order to avoid excessive 
chlorination and abrasion (Figure Appendix 15).  
In an additional trial, it was demonstrated that an increase of milling time 
consequently leads to a higher percentage of chlorinated side products 
(Figure 5.34B). While MALDI-TOF is not a quantitative method, since the tendency 
towards ionization is different for each substance, it allows us to compare between 
samples measured in the same setup. While after 30 minutes only traces of the 
monochlorinated product can be observed, the ratio between those and HBC is 
steadily growing with increased milling time. After two hours, a 3:1 ratio of HBC and 
the monochloro adduct can be observed, and the two-times chlorinated adduct is 
also visible.  
Consequently, the reaction protocol was optimized under the aspects of yield, 
time and side products. The number of variables, however, made us turn to a design 
of experiment approach to determine their influence while keeping the number of 
experiments in a manageable range. The milling speed, amount of FeCl3, milling 
time, ball size and filling degree (ratio of balls to powder) were determined as 
parameters of interest. This investigation confirmed that, indeed, all these 
Figure 5.35 Results of the DOE (Table 7.10). The main plots of the parameters: rpm, ball size, 
ball/powder ratio, milling time and equiv. FeCl3 are presented. 
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parameters influence the reaction (Table 7.10), while, in general, a higher energy 
input favours a high yield of the reaction.  
The main effect plots for the yield of the reaction are given in Figure 5.35. These 
plots can give one an idea of the influence of a single parameter. For the rpm of the 
ball mill, the influence on the reaction is rather small. The yield at 200 and 800 rpm 
are varying by around 5 %. The red centre point is at a medium speed, but the 
influence of other parameters is also taken into account, so it cannot be understood 
as an influence of the milling speed. For the ball size, however, one can see a big 
influence on the yield. An increase in ball size is leading to a smaller yield. This is 
likely due to differences in the milling dynamic: with bigger balls, the impact energy 
is higher but the number of impacts overall is lower. In addition, to obtain a fine 
powder, the balls have to be as small as possible, so bigger balls can lead to a 
decreased surface of the powder during the reaction. The ball to powder ratio 
(Figure 5.35 top-right) has big implications for the milling process. It is the weight 
ratio of the balls (22 balls weight 90 g) to the total powder in the ball mill. If there is 
less powder, the trajectory of the milling balls is influenced and more energy is 
transferred to the powder. If too much powder is utilized, the ball movement is 
hindered, and the transfer of energy is decreased. In the study, a lower amount of 
powder and, therefore, higher energies seem to favour the reaction. The milling time 
Figure 5.36 Results of the DOE (Table 7.10). The interaction plots of the parameters: rpm, ball size, 
ball/powder ratio, milling time and equiv. FeCl3 are presented. 
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and equivalents of FeCl3 have an obvious effect on the reaction, showing an increase 
in yield with an increase of either one of these parameters. The centre point 
mentioned earlier seems to be heavily influenced by the last three discussed 
parameters, which indicates a strongly non-linear behaviour. 
In the interaction plot (Figure 5.36), the interactions of the different parameters 
are visualized. If two parameters are independent, the graphs are parallel. If they are 
interacting, however, the curves are crossing each other. The strongest interaction, 
can be observed between the reaction time and the equiv. of iron chloride. As it was 
expected, a bigger amount of reagent is leading to a shorter necessary reaction time. 
Similarly, the interaction between the rpm and the equiv. of FeCl3 is showing that, at 
lower speeds, an increase of equivalents of reagent is leading to higher yields. While 
bigger milling balls have a negative influence on the reaction and the impact of the 
milling speed is rather low, raising the ball to powder ratio, milling time and 
equivalents of iron(III) chloride all lead to an increased yield (Figure 5.35). Increasing 
the equiv. of iron(III) chloride, leads to a reduced reaction time until full conversion. 
The optimized conditions for the mechanochemical Scholl reaction of HPB are: 
10 mm milling balls, 800 rpm, a ball to powder ratio of 45, 72 equiv. of FeCl3 and 
30 minutes of milling (sample HBC-5, run 18 in the DOE).  
Lately, it has been shown that in situ temperature measurements can give 
indications on the progress of a reaction.41,53,86 The merit of this method is currently 
being discussed.200 In the case of the Scholl reaction, however, the temperature rise 
resulting from the reaction enthalpy is marginal because of the small amount of 
reactant. Hence, it cannot be used to track the progress in a satisfying manner. 
Therefore, the in situ pressure measurement of the milling vessel, which are much 
less controversial, was used to elucidate the reaction progression. Applied to this 
system, one can observe a steep rise of pressure in the first minutes of the reaction 
(Figure 5.37A), caused by the release of HCl during the reaction. This rise occurs in 
different slopes depending on the milling speed (Figure 5.37B). The dependency 
seems to verify that the reaction is indeed caused by the collision of the milling balls, 
since the energy increases with the square of the milling speed. As expected, the 
reaction proceeds the slowest at low energy input, but even at 200 rpm a plateau is 
reached after as little as 10 minutes. In contrast, for 100 rpm no reaction can be 
observed at all, indicating a sort of threshold milling speed or minimal energy input 
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to supply the activation energy for this reaction. This further explains the absence of 
a reaction when both reagents are subjected to milling inside a mortar. In order to 
verify these results, experiments without HPB – milling of pure iron chloride – 
(Figure 5.37C) were conducted and one can only observe a neglectable overpressure 
due to the heating of the vessel. 
Regarding the absolute pressure in the vessel after the reaction, one could argue 
that a higher pressure was due to an increase in released gas, caused by a higher 
conversion of the precursor. Since the yield is almost unchanged for different milling 
speeds, this does not seem to be the case. It is rather that the higher absolute 
pressure for higher milling speeds is caused by the increasing temperatures of the 
vessels, an effect more profound for higher milling speeds, due to energy dissipation 
(Figure 5.37D).  
  
Figure 5.37 A: Development of the vessel pressure during the milling of HPB at different milling speeds. 
(a) 800 rpm, (b) 600 rpm, (c) 400 rpm and (d) 200 rpm (e) 100 rpm. B: Changes in the slope of the 
pressure rise vs the rpm of the milling vessel. Data extracted from the first minutes of A. C: 
Development of the relative vessel pressure during the milling process without HPB for different 
milling speeds. D: Development of the relative vessel temperature during the milling process of HPB 
for different milling speeds. 
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 Scholl Reaction of Bigger Nanographenes 
While the results for the Scholl reaction of HPB are promising and the insight 
into the mechanism gained are academically interesting, the real challenge lies in 
the planarization of bigger nanographenes. In order to establish this method as a 
versatile alternative to the classical process, it is important to broaden the scope 
beyond the well-known solution processible HPB. The syntheses towards the 
triangular shaped C60 and the biggest nanographene C222 were subsequently 
investigated in solvent-free conditions as well. During the planarization of C60, it is 
necessary to forge nine new C-C bonds, and C222 requires a whopping 54 new C-C 
bonds in order to become a nanographene. Surprisingly, no extensive optimization 
of the reaction parameters was necessary to exceed the solution-based protocols for 
both systems in terms of yield (Table 5.11). The MALDI-TOF spectrum of C60 
(Figure 5.38A) is identical to the simulated one for this compound. On the other 
hand, the acquisition of the spectra for C222 (Figure 5.38B) was more complicated, 
since the compound was harder to ionize in the spectrometer. While the main peak 
resembles the predicted product peak and no leftover reactant is visible, the intensity 
is not sufficient to allow for an isotopic resolution.  
Table 5.11. Reaction conditions and yields for bigger nanographenes; Reaction conditions: 
800 rpm, 22x 10 mm balls, ZrO2, 12 equiv. FeCl3 per H, NaCl as bulking agent. 
Sample C-C Bonds formed 
Milling time / 
min 
Yield / 
% 
C60H42 9 60 81 
C222H150 54 60 89 
Figure 5.38 A: Scholl reaction of C60H42 to C60H24, recorded MALDI-TOF spectrum of C60H24(1), calculated 
MALDI-TOF spectra of C60H24(2) and C60H42(3). B: Scholl reaction of C222H150 to C222H42, recorded MALDI-
TOF spectra of C222H42(4), calculated MALDI-TOF spectra of C222H42(5) and C222H150(6). 
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Furthermore, there is the evidence of a mono-chloro adduct, indicated by the 
second smaller peak at higher m/z values. Thus far, C222 is the largest synthesised 
nanographene and these difficulties are also faced by solution-based methods.95 
Further characterization was conducted via solid state UV/VIS. In the spectra 
(Figure 5.42A), the maxima show a clear bathochromic shift from 353 nm for HBC to 
395 nm for C60 and to 717 nm for C222. The in situ investigations of these systems 
reveal that, even for the bigger molecules, the reaction proceeds in a matter of 
minutes (Figure 5.42B). This is especially surprising, since C222 is - up to now - the 
biggest reported PAH with well-defined structure and its planarization took 24 hours 
under optimised conditions, *  whereas this protocol for HPB can be transferred 
without extensive adaption and, therefore, seems to be independent of precursor 
size.95  
  
  
* For C222, FeCl3 proved to be insufficient for the planarization in solution and stronger 
Lewis acids had to be employed to achieve the desired results. Müllen et al. used Cu(OTf)2 
instead. 
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 Scholl Reaction of Different Geometries 
Besides those nanographenes typically investigated in this kind of studies, 
where stable six-membered rings are formed during the planarization reaction, there 
also exist molecules with different geometries. In fact, a considerable amount of 
effort was put into the planarization of five-membered rings. This is usually not 
achievable under standard Scholl conditions.110 Therefore, chemists tried to 
substitute the hydrogen in the potential five ring position with halogens, in an effort 
to introduce a better leaving group.201 
In the case of nanographenes synthesised by the group of Prof. Feng, especially 
the “extended HPB 7”, the mechanochemical Scholl reaction led to interesting 
results (Figure 5.39). The solution-based protocol was unable to close the 6 bonds 
needed to planarize the HBC core, only leading to a partially closed intermediate 7’. 
Contrarily, the mechanochemical approach was capable to close the compound 
completely and yielded the “extended HBC 8”, alongside with chlorinated by-
products. Interestingly, traces of the substance with closed 5-rings were also 
identified amongst these by-products (Figure Appendix 25). 
Since the molecule is rather hard to synthesise, a suitable substitution was identified 
in 1,2,3,4-tetraphenyl naphthalene 9, to study the effect in greater depth. In a series 
of experiments, the amount of oxidant and the energy input during the milling 
process was varied in order to establish conditions in which this phenomenon can 
be observed. Under the optimized mechanochemical Scholl conditions, only a 
fraction of the product was soluble after the planarization. This was unexpected, 
since the version with 4 closed six-member-rings is known to be a soluble compound 
Figure 5.39 The Scholl reaction of extended HPB 7 to yield the extended HBC 8. In solution only 7’ can 
be achieved, while the mechanochemical approach also produces 8’ as a side product. 

78 | R e s u l t s  a n d  D i s c u s s i o n
Avoiding Chlorination 
Evident from the results presented on HBC and C222, chlorination is the major 
side reaction during the planarization process. Although it is also present in solution-
based protocols, this pathway should ideally be supressed in order to obtain the 
cleanest product possible. And as discussed above it can lead to an interesting but 
undesirable further planarization by five-ring formation. Furthermore, the Scholl 
reaction leads to a significant increase in vessel pressure, severely hindering the 
scaleup of this process. Hence, a suppression of vessel pressure and chlorination 
are both important steps towards a large-scale application. Consequently, measures 
were taken to deal with the released HCl acid, which is suspected of activating excess 
FeCl3 and making it capable to chlorinate the nanographenes. A total of four 
pathways were explored in the process (Table 5.12).  
Table 5.12 Reaction conditions and yields of HBC syntheses while trying to supress 
chlorination; Reaction conditions if not stated otherwise: 800 rpm, 22x 10 mm balls, ZrO2, 12 equiv. FeCl3 per H, NaCl as bulking agent. 
Sample Starting material Milling time / min 
Yield / 
% 
HBC-EtOH HPBc 30 45 
HBC-EtOH HPBc 60 97 
HBC-Pyridine HPBd 30 91 
HBC-1.1equiv. a HPB 30 99 
HBC-200 HPB 60 95 
a1.1 equiv. of FeCl3 per H; b200 rpm; c+1mL EtOH; d+1mL pyridine 
Figure 5.42 A: MADLI-TOF measurements of the HBC system milled with the addition of ethanol (1) 
and pyridine (2). Only the target mass of 522 m/z can be observed while for (only trace amounts of the 
mono-chloro adduct are visible. B: Development of the relative vessel pressure during the milling 
process of HBC-EtOH (1) and HBC-Pyridine (2) at 800 rpm.  
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At first, the gas was dissolved in order to remove it from the reaction. The solubility 
of the acid is rather good in polar solvents and, while water was excluded from 
consideration to avoid hydrolysis of the iron chloride, ethanol* was identified as 
suitable. The LAG approach with this solvent led to a lower yield (45 %) under the 
conditions optimized before. But, by only increasing the milling time to 60 minutes, 
full conversion of the HPB could be achieved. This is hinting towards the acceleration 
of the reaction by the released hydrochloride acid. Probably the same mechanism 
of activation of the FeCl3 that leads to chlorination is also responsible for the 
acceleration of the Scholl reaction, or the nature of the LAG process leads to some 
difficulties in the milling process. Since a clumped-up solid was observed after the 
milling, compared to a fine powder after dry grinding experiments, the second 
explanation seems more likely.  
To confirm this hypothesis, another route to remove the hydrochloric acid from 
the milling vessel was investigated. By introducing small amounts of pyridine, which 
readily reacts with hydrochloric acid and forms solid pyridine hydrochloride, both 
problems were tackled at once. And indeed, in contrast to the ethanol pathway, the 
reaction afforded similar yields after only 30 minutes. One can therefore assume that 
the agglomeration of powder is the main reason for the slower kinetic of the 
reaction. To prove the absence of chloro adducts, MALDI-TOF measurements of the 
samples (Figure 5.42A) were made. For both samples, only the desired product could 
be observed, while chlorination seems to be successfully suppressed. In addition, 
the GTM measurements (Figure 5.42B) show the development of significantly less 
pressure during the milling process, compared to the experiments without additives. 
In fact, the rise is about as high as for the reference experiments and can therefore 
be explained solely with the heating of the reactor. 
While the two approaches detailed above tackle the release of hydrochloric acid 
other possible ways of reducing the chlorination are lowering the energy input or 
reducing the amount of iron chloride to a stoichiometric level. Both ways are indeed 
successful in supressing the side reaction (Figure 5.42A, Table 5.12) while 
maintaining a complete conversion. But, in the course of the milling the vessel 
pressure is still increasing. Hence, these methods are only suitable if the introduction 
  
 * Solubility of HCl in ethanol at 30 °C: 37.52 g / 100 g.217 The solubility decreases with 
increasing temperature.  
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of an additive is not an option from a chemical point of view. On the other hand, 
both of these workarounds offer interesting prospects in terms of sustainability of 
the mechanochemical Scholl reaction. If less iron chloride and energy is used, the 
“greenness” of this pathway is greatly enhanced. 
 Scholl Reactions in Mixer Ball Mills 
Additionally, a proof-of-principal experiment in a mixer-mill was conducted. 
Since those mills are generally equipped with smaller milling jars, one can hereby 
apply this approach to a few mg-scale, suitable for the development of 
unprecedented, more complex PAHs. Furthermore, the in situ techniques reported 
are all conducted in mills based on this principle.147,202–206 However, the transfer of 
protocols between two mill types bears many challenges, and a separate 
optimization of reaction parameters has to be conducted for mixer mills. The yield 
after 30 minutes is lower than in the planetary equivalent but an increase in either 
reaction time or vibration frequency, as well as an adjustment of milling balls (size 
and number) should produce comparable results in the future. 
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 Green Metrics for the Scholl Reaction 
 Similar to chapter 5.1.2.4, one can also calculate the green metrics for the Scholl 
reaction (Table 5.13). The atom economy of the Scholl reaction of 93 % is excellent 
for both pathways, due to the nature of the reaction. Differences between the 
mechanochemical path and its solvent-based analogue become apparent in the 
mass productivity. Here, the mechanochemical process achieves a mass 
productivity of 19.4 %, while the solution approach transforms only 0.65 % of its 
reactants and solvents into product. This is largely due to the need of two different 
solvents to keep the starting material and the iron(III) chloride in solution. The same 
picture can be found if both reactions are evaluated based on yield, cost, safety 
conditions and ease of workup with the EcoScale (Table 5.13). The classical 
approach is limited by the hazardous solvents employed and thus only achieves a 
value of 67, which ranks the reaction as “acceptable”. On the other hand, the 
mechanochemical Scholl reaction reaches 82.5 points and thus the status of 
“excellent reaction”. 
Table 5.13 Overview of the green metrics for the Scholl reaction in different systems. 
Type Atom economy 
Mass 
intensity 
Mass 
productivity 
Reaction 
time 
Solvent-baseda 93 153.85 0.7 1 h 
Mechanochemical 93 5.15 19.4 30 min 
EcoScale Parameter  Penalty points: 
Mechanochemical 
Penalty points: 
Solvent-baseda 
1. Yield: 99 % / 98 % 0.5 1 
2.  FeCl3 
 DCM 
 Hexaphenylbenzene 
 Nitromethane 
 Methanol 
0 
- 
5 
- 
0 
0 
0 
5 
0 
0 
3.  DCM (T) 
 Nitromethane (E, T, F) 
 Methanol 
- 
- 
10 
5 
10 
10 
4.  Common setup 
 Argon atmosphere 
0 
- 
0 
1 
5.  Room temperature, <1 h  
 Room temperature, <24 h 
0 
- 
- 
1 
6.  Adding solvent 
 Simple filtration 
0 
0 
0 
0 
Penalty Points 17.5 33 
a according to reference 207 in 250 mL DCM and 10 mL nitromethane. For details on the 
calculations see 5.1.2.4 on page 53 and Table 7.2 on page 100. 
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 Conclusion 
In summary, a novel and innovative mechanochemical process for the Scholl 
reaction of benchmark nanographenes has been developed. Using FeCl3 in a solvent-
free protocol in a planetary ball mill, it could be demonstrated that these reactions 
proceed in as little as 30 minutes and are limited by neither the solubility nor the size 
of the PAH. Utilizing MALDI-TOF and solid-state UV/Vis measurements to prove the 
success of the reaction also lead to the discovery of growing degree of chlorination 
with increasing reaction time. Based on these findings, the influence of different 
milling parameters on this reaction was identified and it was found that energy 
related parameters play a key role. Utilizing in situ pressure measurements, the 
reaction kinetics and energetics were further elucidated and a threshold milling 
speed for the process could be determined. The chlorination of the nanographenes 
was suppressed via several pathways, while a high yield and short reaction times 
were maintained. Furthermore, the protocol was expanded to bigger 
nanographenes, namely C60 and C222. In addition, the process was also transferred 
into a mixer ball mill, enabling the scalability to few mg scales. This new reaction 
route paves the way towards larger extended nanographenes in spite of their low 
solubility, and therefore renders the introduction of solubilizing groups obsolete. 
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to achieve this goal. The first idea was to simply adapt the solution-based protocol 
for the chlorination of nanographenes reported by Tan et al.112 However, the results 
were inferior in both soluble amount of product and degree of chlorination 
(Table 5.14, Entry 2). This might be due to the fact that iodine monochloride as a 
liquid is hindering an effective mechanochemical reaction by dissipating a major 
fraction of the impact energy. Furthermore, the approach led to a clumped-up 
texture of the powder after the reaction, thus impeding an efficient mixing. 
In another attempt to raise the amount of chlorine introduced to the 
nanographenes, a mixture of trichloroisocyanuric acid (TCCA)* and sulfuric acid was 
used, according to a protocol for chlorination by Duncan and coworkers.210 This 
system yielded slightly better results than the iodine monochloride system but also 
suffered from the liquid (H2SO4) added for the activation of the TCCA (Table 5.14, 
Entry 3). It achieved slightly inferior chlorination results after one hour then the pure 
Lewis acid system. A more common approach to chlorination in organic chemistry 
is the use of N-chlorosuccinimide.211 While this approach suffers from a low atom 
economy of the reaction, it was nevertheless tried out for the nanographenes. 
Transferring this method into the ball mill led to a maximum of eight chlorine atoms 
introduced (Table 5.14, Entry 4).  
As mentioned earlier, Ondruschka and co-workers utilized Oxone† in 
combination with sodium halides to achieve chlorination of simple aromatic 
molecules.208 It is likely that this approach leads to an in situ formation of the halogen 
gas (Cl2) or hypochlorite, which consequently chlorinates the aryls. In the 
chlorination of HBC, this approach leads to results comparable to those obtained for 
than iron(III) chloride. However, the MALDI-TOF data suggest additional species 
beside the ones expected from chlorination. This might be due to additional 
sulfonation or oxidation caused by the peroxysulfate. 
* TCCA is used as an algicide and bactericide in swimming pools and as a dye in the textile
industry and is therefore a cheaply available chemical.219
† Oxone is the triple salt (KHSO5 0.5·KHSO4 0.5·K2SO4). It has a higher stability than pure
potassium peroymonosufate and is commonly used as an oxidant in organic chemistry.220
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6 SUMMARY AND OUTLOOK 
The aim of this thesis was the adaptation of different polymerisation reactions 
and the synthesis of nanographenes to the solvent-free environment of a ball mill. 
As stated in the previous chapters, this has overall been a resounding success. The 
developed mechanochemical protocols, are not only on par with solution-based 
analogues but outperform them in most cases. Not only were reaction time and 
energy consumption considerably lower for mechanochemical reaction, yields and 
polymerization degrees could be raised as well. 
The first part of this work focused on the development of mechanochemical 
polymerization procedures. The first pathway chosen by me, adapted the procedure 
of Kaupp and co-workers for the reaction between an aldehyde and an amine to 
difunctional monomers, in order to obtain a linear poly(azomethine).121 The reaction 
proceeded in a matter of minutes, producing the infusible polymer in quantitative 
yields. The polymer synthesised by this approach is outperforming the solution-
based reference in all benchmarks. This can be attributed to the poor solubility of 
the polymer: whereas it is leading to an almost instant precipitation and thus an end 
of the polymerization reaction in solution, the solvent-free approach is not having 
such constraints. This reaction was also used for a first, although rudimentary, study 
of the milling parameters. It was quickly found that a higher energy input, in the form 
of tungsten carbide balls, led to a higher degree of polymerization. The addition of 
small amounts of ethanol pushed the conversion of aldehyde groups even further. 
While the linear polymers are only of limited use, the azomethine formation is a 
staple reaction for the construction of covalent organic frameworks (COF). It has 
been recently shown that a mechanochemical reaction can also produce these 
promising porous materials. While I conducted preliminary experiments to 
synthesise porous COFs, the results so-far have been underwhelming. The key 
towards these is most likely the use of appropriate porogenes and a moderate 
amount of energy to avoid a collapse of the porosity. Therefore, more experiments 
have to be conducted in order to establish conditions to produce COFs with a 
permanent porosity inside the ball mill.  
Another basic reaction of organic chemistry is the Suzuki cross-coupling. This 
metal-catalysed reaction has been used for decades to synthesise poly(phenylenes). 
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The mechanochemical variant of this reaction has been reported for several organic 
molecules.145 After verifying that several couplings at once were possible, I went on 
to synthesise a linear and hyperbranched poly(phenylene) via this reaction. The 
results for the linear poly(para-phenylene), a polymer renowned for its infusibility 
and insolubility, were especially noteworthy. By adopting an AB approach, the 
degree of polymerization could be raised to exceed every other synthesis method, 
including chemical vapor deposition. Adding to this, the long polymer, with 164 
repeating benzyl rings, can be produced in as little as 30 minutes, while using 
palladium acetate and in a non-inert atmosphere. Compared to 12 to 24 hour 
syntheses in solution, needing expensive ligands, this is a major improvement. The 
hyperbranched polymer showed a good thermal stability and a porous structure. 
Alike to the poly(azomethine) procedure, the Suzuki reaction can be used to produce 
COFs. Similarly, preliminary reactions towards these 3D materials have been 
unsuccessful so far. However, the strengths of this cross-coupling lie within the 
synthesis of graphene nanoribbon precursors. In this topic, a cooperation with the 
group of Prof. Feng was initiated. A major advantage of the mechanochemical 
approach is, once again, the indifference towards solubility. Therefore, longer chains 
and in turn longer nanoribbons might be build-up using this approach in the future. 
Finishing the first part of this thesis is an oxidative polymerization approach. In 
contrast to the two polymerizations investigated before, this had already been used 
for the synthesis of linear polymers. In fact, it was the first polymerization reaction 
reported inside a ball mill.80 By changing the monomer to a trifunctional one, this 
reaction was used to synthesise a porous polymer instead of a linear one. The 
material obtained is highly microporous thiophene polymer with a monodisperse 
pore size of 1.6 nm, which perfectly fits the structural simulation. Furthermore, the 
typical polymeric swelling behaviour cannot be observed and thus the network 
seems to be highly interconnected. The in situ monitoring equipment allowed to 
follow this reaction through the release of hydrochloric acid. The data supports the 
swiftness of the reaction with a plateau after 15 minutes. By applying a design of 
experiments approach, the amount of oxidant was found to govern the yield and the 
porosity of the material. Under optimized conditions, the surface area of the polymer 
(1850 m2·g-1) is almost twice as high as the values reported in the literature for the 
solution-based reference. In combination with the also high pore volume of 
0.95 cm3·g-1 and a quantitative yield this polymer is promising for applications as 
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catalyst support or for the hydrogen evolution reaction.120 The latter is recently being 
explored in a cooperation with the group of Prof. Thomas. Besides thiophene 
monomers, carbazole based monomers can also be polymerised using this protocol. 
In the future, it might be beneficial to widen the scope even further by using pyrrole- 
or pyridine-containing monomers with adequate doping for the synthesis of 
conducting porous polymers.  
The second part of this thesis was concerned with an oxidative C-C coupling 
reaction – the Scholl reaction. In the area of nanographenes, solubility is always a 
major concern. For many molecules, solubilizing groups are introduced to keep 
them in solution after planarization. I could show that the Scholl reaction is 
proceeding in the ball mill in as little as 30 minutes, with quantitative yields and is 
limited neither by the solubility nor the size of the nanographenes. Once again, the 
reaction could be followed by using an in situ pressure measurement, due to the 
released hydrochloric acid. This way, a threshold milling speed, from which the 
reaction proceeds, could be determined. Afterwards, a design of experiment 
approach was applied to optimize the yield of the reaction. Especially when using a 
high energy input or long reaction times, chlorination of the products could be 
observed as a side reaction. Consequently, four different workarounds were 
developed to suppress this. While the reduction of the amount of iron chloride was 
the most straightforward way, the addition of small amounts of ethanol also 
completely suppressed the pressure rise, inside the vessel. Hence, the scale-up of 
this planarization can be simplified. In addition, the reaction was expanded to bigger 
nanographenes, namely C60 and C222, and adapted to a mixer ball mill. Interesting 
results were obtained for molecules with potentially closable five-membered rings. 
Here the side reaction of chlorination seems to play a role in the formation of said 
five-rings. The closing of these cannot be achieved by solution-based protocols in 
one step. At the moment, I am working on expanding the Scholl reaction to its main 
purpose: the planarization of graphene nanoribbons. Together with the group of 
Prof. Feng, this challenging topic is being investigated, with the bottleneck being the 
synthesis of suitable molecules in quantities necessary for the ball mill. In the future, 
the planarization of other geometries like seven-membered rings, might also be 
attainable. Another possible improvement is the utilization of a reductive pathway, 
with copper instead of iron chloride. First reactions have been very promising in this 
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regard, leading to a full conversion to HBC, but requiring reaction times exceeding 
12 hours. 
On a last note, the chlorination reaction observed during the Scholl reaction, 
was further investigated. I found that, by using iron(III) chloride as chlorination 
agent, an almost completely soluble nanographene could be obtained. This is 
especially interesting since the mechanochemical chlorination protocol does not rely 
on overly toxic solvents like carbon disulphide or tetrachloromethane. The reaction 
time is also significantly shorter, requiring only one hour instead of several days. 
While studying this reaction, I noticed that some of the reagents used are also 
present in the Scholl reaction. Thus, a combination of the two separate reactions led 
to a one-step procedure for the production of partially chlorinated nanographenes. 
This protocol could be potentially applied to the graphene nanoribbons as well. 
Hence, a one-step planarization and chlorination reaction, not requiring solubilizing 
groups, seems to be a highly probable prospect. 
At this point, I would like to return to the motivation, where I stated: “Hence, a 
lot of applications, reactions and mechanisms in a ball mill are still left to be 
discovered or are not well understood.” In the course of this thesis I demonstrated 
the potential that mechanochemistry has in the fields of polymer synthesis and 
nanomaterials. I strongly believe that the field of mechanochemistry is only at the 
beginning of its renaissance, and, with the concept slowly being picked up by more 
and more chemists and the industry, this process will be accelerated. Therefore, 
mechanochemical synthesis will enable us to make green chemistry a reality across 
all fields and many applications. 
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Chemical CAS-number Supplier Purity 
Hexaphenylbenzene 992-04-1 TCI 98 % 
Iodine monochloride 7790-99-0 ABCR n.a. 
Iodine trichloride 865-44-1 Sigma Aldrich 97 % 
Iron(III) chloride, anhydrous 7705-08-0 ABCR & Sigma Aldrich > 98 % 
Magnesium sulfate 7487-88-9 Grüssing 99 % 
Methanol 67-56-1 VWR Chemicals > 98 % 
Molybdenum(V) chloride, anhydrous 10241-05-1 ABCR 99.6 % 
N-chlorosuccinimide 128-09-6 Sigma Aldrich 98 % 
N,N-dimethylformamide 68-12-2 Fisher Scientific > 98% 
O-terphenyl 84-15-1 Sigma Aldrich 99 % 
OXONE®, monopersulfate compound 70693-62-8 Sigma Aldrich n.a. 
Palladium acetate 3375-31-3 Sigma Aldrich 98 % 
P-phenylendiamin 106-50-3 ABCR 97 % 
Phenylboronic acid 98-80-6 Sigma Aldrich 95 % 
Potassium carbonate 584-08-7 Grüssing > 98 % 
Sodium chloride 7647-14-5 Grüssing > 98 % 
Terephthalaldehyde 623-27-8 ABCR 98 % 
Tetrahydrofuran 109-99-9 VWR Chemicals > 97% 
Tetrakis(4-aminophenyl)methane 60532-63-0 Sigma Aldrich > 90% 
Tetraphenylcyclopentadienone 479-33-4 Fisher Scientific 99 % 
Toluene 108-88-3 Sigma Aldrich > 99 % 
Trichloroisocyanuric Acid 87-90-1 TCI > 95 % 
Trifluoromethansulfonic acid 1493-13-6 Sigma Aldrich 98 % 
Triphenylene 217-59-4 Sigma Aldrich 98 % 
Triphenylphosphine 603-35-0 Sigma Aldrich 99 % 
Tetrakis(triphenylphosphine)palladium(0) 14221-01-3 Strem Chemicals 99 % 
Hydrochloric acid (37 % in H2O) 7647-01-0 VWR Chemicals n.a. 
 
Zirconium dioxide (Type ZY-S) milling balls with a diameter of 5 mm were 
purchased from Fritsch GmbH. The average weight of one milling ball is 0.41 ± 
0.01 g. 
Zirconium dioxide (Type ZY-S) milling balls with a diameter of 10 mm were 
purchased from Sigmund Lindner GmbH. The average weight of one milling ball is 
3.19 ± 0.05 g. 
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Zirconium dioxide (Type ZY-S) milling balls with a diameter of 15 mm were 
purchased from Sigmund Lindner GmbH. The average weight of one milling ball is 
11.4 ± 0.5 g. 
Tempered steel (1.4125, AISI 440C) milling balls with a diameter of 10 mm were 
purchased from TIS Wälzkörpertechnologie GmbH. The average weight of one 
milling ball is 4.02 ± 0.02 g. 
Tempered steel (1.4125, AISI 440C) milling balls with a diameter of 15 mm were 
purchased from TIS Wälzkörpertechnologie GmbH. The average weight of one 
milling ball is 13.77 ± 0.01 g. 
Tungsten carbide (YG6X, G10 surface) milling balls with a diameter of 10 mm 
were purchased from Zhuzhou Good Cemented Carbide Co., Ltd. The average 
weight of one milling ball is 7.20 ± 0.26 g*. 
Tungsten carbide (YG6X, G10 surface) milling balls with a diameter of 15 mm 
were purchased from Zhuzhou Good Cemented Carbide Co., Ltd. The average 
weight of one milling ball is 26.21 ± 0.01 g. 
Silicon nitride (Type SNCB5) milling balls with a diameter of 5 mm were 
purchased from Fritsch GmbH. The average weight of one milling ball is 1.95 ± 
0.01 g. 
  
  
* The balls measured had already been used to a different degree, this explains the big 
variations (standard deviation) in the mass per ball. 
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measured five times and the average of the integrals was taken in order to reduce 
effects caused by inhomogeneities. 
Gel permeation chromatography (GPC) was performed with a AGILENT 
TECHNOLOGIES series 1200 HPLC pump, and 1 PL MIXED-C separation column 300x 
7,5 mm and 5 µm PSgel, a Fa. BURES RI and viscosity detector and a WYATT 
TECHNOLOGY MiniDAWN-LS detector. THF (stabilized with 0.0025 wt% BHT) was 
used as an eluent with a flow rate of 1mL·min-1. 
Matrix assisted laser desorption ionization time of flight mass spectroscopy 
(MALDI-TOF) was carried out on a Bruker Autoflex Speed spectrometer using a 337 
nm nitrogen laser with dithranol + AgTFA or TCNQ as matrix. 
Proton Nuclear magnet resonance spectroscopy (1H NMR) was recorded in 
deuterated Dichlormethane (CD2Cl2) solution at room temperature, using a BRUKER 
AC 300 P instrument. 
Nitrogen physisorption measurements were performed at 77 K on a 
Quantachrome Quadrasorb apparatus. High purity gases were used for 
physisorption measurements (N2: 99.999 %). Pore size distributions were calculated 
using the Quenched Solid Density Functional Theory (QSDFT) method for carbon 
(slit/cylinder/sphere pores, adsorption kernel) on the adsorption branch. Prior to 
physisorption experiments, all samples were activated at 423 K for 12 h under 
vacuum. 
Powder X-ray diffraction (PXRD) patterns were collected in transmission 
geometry (Mythen 1K detector) with a Stoe Stadi P diffractometer operated at 40 kV 
and 30 mA with a Ge monochromator using Cu-Kα1 radiation. 
Scanning electron microscopy (SEM/EDX) images were obtained using a Hitachi 
SU8020 SEM equipped with a secondary electron (SE) detector. Prior to the 
measurement the samples were prepared on an adhesive carbon pad and sputtered 
with gold to obtain the necessary electron conductivity.  
 Solid state 13C CP-MAS NMR experiments were performed on a Bruker Ascend 
800 spectrometer operating at 201.2 MHz for 13C using a commercial double 
resonance 3.2 mm MAS NMR probe. Ramped 1H-13C cross-polarization (CP, contact 
time: 4 ms, pulse repetition time: 3 s) and SPINAL 1H-decoupling was applied. The 
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MAS frequency was 15 kHz. The 13C chemical shifts were referenced with 
adamantane. Peak assignment was done utilizing ACD Labs*.  
Solid state UV/Vis measurements were conducted on a VARIAN Cary 4000 with 
a HARRICK Praying Mantis unit. The step width was set to 1 nm and the sources 
were switched at 350 nm. The crude samples were mixed with an excess of BaSO4 
prior to measuring. 
Thermogravimetric analysis (TGA) was performed on a NETZSCH STA 409 
PC/PG system using alumina crucibles under argon stream with the heating rate of 
10 K·min-1.  
Transmission electron microscopy (TEM) was recorded using a Carl Zeiss Libra 
120. 
  
  
1 * ACD/C+H NMR Predictors and DB 2017.1.3, Advanced Chemistry Development, Inc., Toronto, ON, Canada, 
www.acdlabs.com, 2017. 
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Other milling materials were tungsten carbide and tempered steel. If balls other 
than 10 mm were used, the same weight of grinding balls was utilized. (15 mm: 7 
balls; 5mm: 180 balls) 
 Solution polymerization of PPI as a reference material 
NH2
NH2
+
O
O
N
N
n
DMF
 
For the reference experiment equimolar quantities of p-benzoldicarbaldehyde 
(2.478 g, 18.5 mmol) and p-phenylenediamine (2.000 g, 18.5 mmol) were placed in a 
250 mL round bottom flask with 100 mL DMF. The mixture was heated to 170 °C and 
was refluxed for 2 hours. Afterwards the hot mixture was filtrated and the solid was 
washed with EtOH and dried over night at 80 °C. (Yield: 90 %) 
Overview of the conducted experiments 
  
Table 7.3 Overview of linear polymer samples synthesised mechanochemically. All 
samples were milled for 40 min in a 45 mL vessel with 90 g of milling balls of the 
respective material and size. 
Sample Milling material 
Ball size / 
mm LAG 
Conversion 
[C=O] / % 
Yield / 
% 
PPI-1 ZrO2 10 - 78 93 
PPI-2 Steel 10 - 80 99 
PPI-3 WC 10 - 87 n.aa 
PPI-4 ZrO2 10 1 mL EtOH 81 n.aa 
PPI-5 Steel 10 1 mL EtOH 82 100 
PPI-6 WC 10 1 mL EtOH 88 98 
PPI-7 ZrO2 5 - 74 85 
PPI-8 ZrO2 10 - 79 93 
PPI-9 ZrO2 15 - 84 n.aa 
PPI-Lb    70 90 
a impurities of abrasion led to a yield above 100 %, b solution reference 
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Mechanosynthesis of linear PPP by neat grinding; AB approach 
K2CO3
Pd(OAc)2
B
OH
OH n
Br
For the experiment 4-bromophenylboronic acid (1.451 g, 7.23 mmol), palladium 
acetate (139 mg, 9.3 mol%) and potassium carbonate (8.41 g, 60.85 mmol) were 
placed in a 45 mL zirconium dioxide grinding jar with twenty-two 10 mm diameter 
zirconium dioxide grinding balls. The mixture was then milled for 30 minutes in a 
Fritsch Pulverisette 7 premium line planetary ball mill operating at a rotation speed 
of 800 rpm. The samples were washed with water, 10 wt% hydrochloric acid, ethanol 
and acetone and then dried over night at 80 °C. 
Mechanosynthesis of hyperbranched polyphenylene by neat grinding; A2B1 
approach 
K2CO3
Pd(OAc)2
B
OH
OH
Br
Br
Ph
Br
Ph
Ph
Br
Ph
Ph
Ph
Br
BrBr
Br
Br
Br
Ph
Ph
B
Br
Br
OH
OH
n
For the experiment 3,5-dibromophenylboronic acid (1.400 g, 7.23 mmol), 
palladium acetate (101 mg, 9.3 mol%) and potassium carbonate (8.499, 61.50 mmol) 
were placed in a 45 mL zirconium dioxide grinding jar with twenty-two 10 mm 
diameter zirconium dioxide grinding balls. The mixture was then milled for 
30 minutes in a Fritsch Pulverisette 7 premium line planetary ball mill operating 
at a rotation speed of 800 rpm. The samples were washed with water, 
10 wt% hydrochloric acid, ethanol and acetone and then dried over night at 80 °C. 
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Overview of the conducted experiments 
Table 7.4 Overview of linear polymer samples synthesised mechanochemically. All 
samples were milled for 30 min in a 45 mL vessel with 22 milling balls of the respective 
material. 4.5 mol% of catalyst was used per bromide if not state otherwise. 
Sample Reagent Milling material Type 
Yield / 
% 
Model-1 1,3,5-tribromobenzene + 
phenylboronic acid 
ZrO2 AB3 78 
Model-2 WC 78 
PPP-1 
1,4-dibromobenzene + 
1,4-phenyldiboronic acid 
ZrO2 
A2B2 
87 
PPP-2 Steel 83 
PPP-3 WC 100 
PPP-4 Si3N4 43 
PPP-5 
4-bromophenylboronic acid
ZrO2 
AB 
47 
PPP-6 Steel 56 
PPP-7 WC 72 
PPP-8 Si3N4 45 
PPP-1-Br 1,4-dibromobenzene + 1,4-phenyldiboronic acid 
ZrO2 A2B2 
87 
PPP-1-Cl 1,4-dichlorobenzene + 1,4-phenyldiboronic acid 10 
PPP-1-I 1,4-diiodobenzene + 1,4-phenyldiboronic acid 87 
PPP-Cat-1a 
1,4-dibromobenzene + 
1,4-phenyldiboronic acid ZrO2 A2B2 
87 
PPP-Cat-2b 48 
PPP-Cat-3c 31 
PPP-Cat-4d 0 
a 4.5 mol% Pd(OAc)2 per Br; b 2.25 mol% Pd(OAc)2 per Br, c 1.1 mol% Pd(OAc)2 per Br, d no Pd(OAc)2 
Table 7.5 Overview of hyperbranched polymer samples synthesised mechanochemically. 
All samples were milled in a 45 mL vessel with 22 zirconium dioxide milling balls. 4.5 mol% 
of catalyst was used per bromide if not state otherwise. 
Sample Reagent Time / min Type 
Yield / 
% 
H-PP-5
3,5-dibromophenylboronic 
acid 
5 
A2B1 
69 
H-PP-30 30 79 
H-PP-60 60 80 
H-PP-90 90 84 
H-PP-120 120 80 
H-PP-5-200a 5 57 
a milled at 200 rpm 
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extreme conditions. The choice of parameters and their step size is crucial for precise 
results. It should be noted that it is in general better to choose them in such a matter 
as to obtain maximum effects, to better differentiate the effects from the normal 
variance. Furthermore, the runs are conducted in a randomized order to spread 
influence from random disturbances (different batches of starting material, lab 
temperature, etc.) evenly over all experiments. 
 The impact of the synthesis parameters applied on the mechanochemical 
oxidative polymerization of 1,3,5-tris(2-thienyl)benzene were studied in a factorial 27-
3 factorial design with a resolution of IV with a centre point that was repeated once. 
The parameters are varied in 2 levels, as represented in (Table 7.6). 
Table 7.6 2 level, fractional DOE layout with center points, randomized order for the 
synthesis of MTP-1. 
Run 
order 
Equiv. 
FeCl3 
Ball/powder 
ratio 
Ball 
size / 
mm 
Milling 
time / 
min 
Rpm Yield / % 
SSABETa / 
m2·g-1 
1 12.0 0.033 15 60 400 98 2002 
2 12.0 0.033 10 60 400 88 1989 
3 12.0 0.111 10 60 400 96 1927 
4 3.0 0.033 10 60 400 36 582 
5 7.5 0.072 15 35 600 97 1552 
6 7.5 0.072 10 35 600 73 1384 
7 3.0 0.111 15 60 400 31 850 
8 3.0 0.033 15 10 400 22 898 
9 3.0 0.111 15 10 800 32 675 
10 12.0 0.033 15 10 800 91 1092 
11 12.0 0.111 15 10 400 72 1469 
12 12.0 0.111 10 10 800 86 1894 
13 3.0 0.033 10 10 800 51 477 
14 3.0 0.033 15 60 800 81 266 
15 12.0 0.033 10 60 800 93 1378 
16 7.5 0.072 15 35 600 85 1227 
17 7.5 0.072 10 35 600 85 1412 
18 3.0 0.111 10 10 400 26 842 
19 12.0 0.111 15 60 800 69 1585 
20 3.0 0.111 10 60 800 61 250 
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a calculated from nitrogen physisorption 
Simulation of structural model for MPT-1 
 A model of the crystal structure of MPT-1 was established by using Material 
Studio 5*. The structure was initially modelled in a hexagonal unit cell with space 
group P3a symmetry common in hexagonal COFs. The geometry and unit cell 
parameters were optimized by using the forcite module with default settings. The 
final unit cell parameters are 20.7305 Å and 3.5891 Å for a/b and c, respectively. Due 
to the low crystallinity of MPT-1 no structural refinement of the diffraction pattern 
could be performed further validating the proposed model.  
* Material Studio 5.0 (Accelrys Software Inc., San Diego, USA, 2009)
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1,3,5-tris(2-1,1':4',1''-Terphenyl)benzene (2) 
Br
Br
Br
1 2
BHO OH
+
Pd(PPh3)4
K2CO3
toluene/EtOH/H2O
reflux, overnight
The Suzuki cross-coupling reaction was performed according to the literature 
procedure.118,213 In a Schlenk flask 25 mL toluene, 6 mL EtOH and 6 mL water were 
mixed and 420 mg (773 µmol, 1 equiv.) 1,3,5-tris-2’-bromophenylbenzene and 
919 mg (4.6 mmol, 6 equiv.) 4-biphenylboronic acid were added. The mixture 
was degassed with argon for at least 20 minutes. Afterwards the catalyst was 
added in one portion and the mixture was refluxed overnight. After 
standard workup procedure the remaining crude compound was 
purified by silica gel chromatography, using dichloromethane/iso-hexane 
1:6 as eluent. The title compound 2 was separated as white solid (920 mg, 
yield: 66 %). 1H NMR (Figure Appendix 17) (CD2Cl2, 300 MHz): 7.42-7.33 (m, 27H), 
7.26-7.20 (m, 3H), 6.99-6.96 (m, 9H); 6.81 (s, 3H). The spectroscopic data of 
compound 1 are consistent with those described in literature.118 MALDI-TOF 
(TCNQ): 762.35, calc. 763.00. 
4,4'-Bis[(trimethylsilyl)ethynyl]tolane (3) 
Br
Br
+ TMS
TMS
TMS
CuI, PPh3
,
PdCl2(PPH3)2
THF/Et3N
80 °C, 15 h
3
A Schlenk flask was charged with 4.5 g (13.4 mmol, 1 equiv.) Bis(4-bromophenyl 
acetylene), 510 mg (2.7 mmol, 0.2 equiv.) Copper(I) iodide and 351 mg (1.3 mmol, 
0.1 equiv.) Triphenylphosphine. To these 50 mL dry Tetrahydrofuran and 50 mL dry 
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Triethylamine was added. Afterwards 3.95 g (40.1 mmol, 3 equiv.) 
Ethynyltrimethylsilane and 375 mg (536 µmol, 0.04 equiv.) 
Dichloro(triphenylphosphine)palladium(II) were added quickly. The resulting 
reaction mixture was stirred at 80 °C for 15 h. The cold solution was quenches with 
deionized water and 5 M HCl, extracted with Ethyl acetate, washed with brine and 
dried over magnesium sulphate. The crude product was further cleaned by silica gel 
chromatography with Ethyl acetate/iso-Hexane 1:9 as eluent. Title compound 3 was 
obtained as light grey solid (4 g, yield: 81 %). 1H NMR (Figure Appendix 18) (CD2Cl2, 
300 MHz): 7.49-7.42 (m, 8H), 0.26 (s, 18H). The spectroscopic data of compound 3 are 
consistent with those described in literature.95  
4,4'-Diethynyltolan (4) 
THF/MeOH
r.t., 1h
4
TMS
TMS
3
K2CO3
In a round bottom flask, containing a 1:1 mixture of Methanol and 
Tetrahydrofuran (30 mL:30 mL), was charged with 1.72 g (5.7 mmol, 2.2 equiv.) 
Potassium carbonate and intensively degassed with argon. Compound 3 (2.1 g, 
5.7 mmol, 1 equiv.) was added in one portion and the solution was maintained at 
room temperature for 1 h until completion. The reaction mixture was 
quenched with deionized water, extracted with Ethyl acetate, washed with 
brine and dried over magnesium sulphate. After standard workup procedure the 
resulting crude target compound 4 (720 mg, yield: 56 %) was directly used without 
further purification for the next step. 1H NMR (Figure Appendix 19) (CD2Cl2, 
300 MHz): 7.46 (d, J = 19.2 Hz, 8H), 3.26 (s, 2H) ppm. The spectroscopic data of 
compound 4 are consistent with those described in literature.95  
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4,4'-(2,3,4,5-Tetraphenylbenzene)tolan (5) 
4
+
O
Ph2O
microwave
5  
300 mg (1.3 mmol, 1 equiv.) of compound 4 and 1.13 g (2.9 mmol, 2.2 equiv.) 
tetraphenylcyclopentadienone were dissolved in 5 mL diphenyl ether. The 
microwave-assisted Diels-Alder reaction was performed under inert conditions with 
the mono-mode microwave reactor “Discover SP-D” from CEM. Implemented 
microwave conditions: 250 °C, 300 W, power max: on, stirring speed: medium, 12 h. 
The obtained reaction mixture was precipitate in 200 mL iso-Hexane. The light 
brown precipitate was filtered and washed with Methanol to afford compound 5 as 
brownish solid (650 mg, 52 %). 1H NMR (Figure Appendix 20) (CD2Cl2, 300 MHz): 7.52 
(s, 2H), 7.35-6.79 (m, 48H) ppm. The spectroscopic data of compound 4 are consistent 
with those described in literature.95  
1,2,3,4,5,6-Hexakis(4’,5’,6’-triphenyl-1,1’:2’,1’’-terphenyl) benzene 6 
Co2(CO)8
dioxane, microwave
5 6  
100 mg (106 µmol, 1 equiv.) of compound 5 and 8.5 mg (25 µmol, 0.7 equiv.) 
Cobalt carbonyl were dissolved in 1.5 mL Dioxane and intensively degassed with 
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argon. The microwave-assisted cyclotrimerization reaction was performed at 160 °C, 
300 W, power max: on, stirring speed: medium, 4 hours. The reaction mixture was 
precipitate in 10 mL iso-hexane. Afterwards the crude solid was purified by silica gel 
column, using ethyl acetate/iso-Hexane 1:4 as eluent. Title compound 6 was 
obtained as off-white solid (350 mg, yield: 44 %). 1H NMR (Figure Appendix 21) 
(CD2Cl2, 300 MHz): 7.40 (s, 6H), 7.14 (s, 30H), 7.01-6.70 (m, 90H), 6.63 (d, J = 8.3 Hz, 
12H), 6.37 (d, J = 8.3 Hz, 12H) ppm. The spectroscopic data of compound 4 are 
consistent with those described in literature.95 MALDI-TOF (DCTB): 2820.69, calc. 
2817.18. 
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and the inert bulking material 7.605 g sodium chloride were transferred into a 45 mL 
grinding jar with twenty-two 10 mm diameter grinding balls. The reactants were 
then milled for 60 minutes at 800 rpm in a Fritsch Pulverisette 7 premium line 
planetary ball mill. After the reaction, the grinding jar was opened and the reaction 
mixture was poured into water. The crude product was consequently washed with 
water, methanol and ethanol before it was dried at 80 °C. C60 9 was obtained as a red 
solid (79 mg, yield: 81 %). MALDI-TOF (Figure Appendix 23) (TCNQ): 743.95, calc. 
744.19. 
C222 (10) 
6 10
FeCl3
NaCl
For C222 the protocol was changed in the following manner: 0.05 g of 1,2,3,4,5,6-
Hexakis(4’,5’,6’-triphenyl-1,1’:2’,1’’-terphenyl)benzene 6 (0.018 mmol), 1.865 g 
iron(III) chloride (11.5 mmol) and the inert bulking material 8.085 g sodium chloride 
were transferred into a 45 mL grinding jar with twenty-two 10 mm diameter grinding 
balls. The reactants were then milled for 60 minutes at 800 rpm in a Fritsch 
Pulverisette 7 premium line planetary ball mill. After the reaction, the grinding jar 
was opened and the reaction mixture was poured into water. The crude product was 
consequently washed with water, methanol and ethanol before it was dried at 80 °
C. C222 10 was obtained as a black solid (43 mg, yield: 89 %). MALDI-TOF 
(Figure Appendix 24) (TCNQ): 2711.02, calc. 2708.34. 
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Overview of the conducted experiments 
Sample Milling material Yield
a / 
% Comment 
HBC-1 zirconium dioxide 95 - 
HBC-2 tempered steel -b excessive abrasion 
HBC-3 tungsten carbide -b excessive abrasion 
HBC-4 silicon nitride 97 - 
a yield after purification, b abrasion of the milling material in combination of excessive 
chlorination lead to abrasion of the milling material in combination of excessive 
chlorination makes the determination of a yield of HBC impossible 
Table 7.8 Investigation of the milling time (HPB-t) and speed (HPB-s). All experiments were 
conducted, with HPB, 22x 10 mm zirconium dioxide balls, and 12 equiv. of FeCl3 per H. 
Sample Rpm Milling time /  min 
Yielda /
% 
HBC-t-30 800 30 95 
HBC-t-60 800 60 95 
HBC-t-90 800 90 -b
HBC-t-120 800 120 88 
HBC-s-100 100 60 12c 
HBC-s-200 200 60 95c 
HBC-s-400 400 60 94c 
HBC-s-600 600 60 99c 
HBC-s-800 800 60 95c 
a yield after purification, b MALDI-TOF TOF measured from a small sample of the 2 h 
synthesis taken after 1 h, b Conducted in a GTM vessel for in situ investigation 
Table 7.9 Scope of the starting materials, capture of HCl (HPB-lp) and transfer to the mixer 
ball mill (HPB-mm). All experiments were conducted, 22x 10 mm zirconium dioxide balls, 
and 12 equiv. of FeCl3 per H if not state otherwise. 
Sample Starting material Milling material Rpm 
Milling time / 
min 
Yielda /
% 
C60 C60H42 2 zirconium dioxide 800 60 81b 
C222 C222H150 6 zirconium dioxide 800 60 89 b 
HBC-lp-1 HPB + Pyridine zirconium dioxide 800 30 91 b 
HBC-EtOH-1 HPB + Ethanol zirconium dioxide 800 30 45 b 
HBC-EtOH-2 HPB + Ethanol zirconium dioxide 800 60 99 b 
Table 7.7 Investigation of the milling material. All experiments were conducted with HPB, 
at 800 rpm, with 22x 10 mm balls, a milling time of 60 min and 12 equiv. of FeCl3 per H. 
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In a typical synthesis, 0.03 g HBC 8 (0.057 mmol) and an excess of 0.563 g 
aluminium chloride (4.133 mmol, 72 equiv.) and 1.62 g iodine monochloride (0.5 mL, 
9.98 mmol, 174 equiv.) and 1,4 g of sodium chloride as bulking material were 
transferred into a 20 mL zirconium dioxide grinding jar with ten zirconium dioxide 
10 mm diameter grinding balls (3.19 g each). The reactants were then milled for 
60 minutes at 800 rpm in a Fritsch Pulverisette 7 premium line planetary ball mill. 
After the reaction, the grinding jar was opened and the reaction mixture was poured 
into water. The crude product was consequently washed with water, methanol and 
ethanol. The soluble fraction was extracted with CHCl3 which was consequently 
evaporated and the solid was dried at 80 °C. Chlorinated HBC 8 was obtained as a 
dark red solid (14 mg, yield: 21 %). MALDI-TOF (Figure Appendix 27) 
Method C: C3Cl3N3O3 
C3Cl3N3O3
H2SO4
AlCl3
Cln
n = 1-18
8 12
In a typical synthesis, 0.1 g HBC 8 (0.192 mmol) and an excess of 1.017 g 
aluminium chloride (7.463 mmol, 39 equiv.) and 0.881 g trichloroisocyanuric acid 
(3.789 mmol, 19.8 equiv.) were transferred into a 20 mL zirconium dioxide grinding 
jar with ten zirconium dioxide 10 mm diameter grinding balls (3.19 g each). The 
reactants were then milled for 60 minutes at 800 rpm in a Fritsch Pulverisette 7 
premium line planetary ball mill. After the reaction, the grinding jar was opened and 
the reaction mixture was poured into water. The crude product was consequently 
washed with water, methanol and ethanol. The soluble fraction was extracted with 
CHCl3 which was consequently evaporated and the solid was dried at 80 °C. 
Chlorinated HBC 12 was obtained as a dark red solid (36 mg, yield: 33 %). MALDI-
TOF (Figure Appendix 28) 
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Method D: NCS 
NCS
FeCl3
Cln
n = 1-18
8 12
In a typical synthesis, 0.03 g HBC 8 (0.057 mmol) and an excess of 0.335 g 
iron(III) chloride (2.067 mmol, 36 equiv.) and 0.276 g N-chlorosuccinimide 
(2.067 mmol, 36 equiv.) and 1,4 g of sodium chloride as bulking material were 
transferred into a 20 mL zirconium dioxide grinding jar with ten zirconium 
dioxide 10 mm diameter grinding balls (3.19 g each). The reactants were then 
milled for 60 minutes at 800 rpm in a Fritsch Pulverisette 7 premium line 
planetary ball mill. After the reaction, the grinding jar was opened and the 
reaction mixture was poured into water. The crude product was consequently 
washed with water, methanol and ethanol. The soluble fraction was extracted 
with CHCl3 which was consequently evaporated and the solid was dried at 80 °C. 
Chlorinated HBC 12 was obtained as a dark red solid (13 mg, yield: 20 %). MALDI-
TOF (Figure Appendix 29)  
Method E: Oxone 
Oxone
NaCl
Cln
n = 1-18
8 12
In a typical synthesis, 0.1 g HBC 8 (0.192 mmol) and an excess of 1.413 g Oxone 
(KHSO5 · 0.5 KHSO4 · 0.5 K2SO4) (4.596 mmol, 24 equiv.) and 0.487 g sodium chloride 
(8.338 mmol, 44 equiv.) were transferred into a 20 mL zirconium dioxide grinding jar 
with ten zirconium dioxide 10 mm diameter grinding balls (3.19 g each). The 
reactants were then milled for 60 minutes at 800 rpm in a Fritsch Pulverisette 7 
premium line planetary ball mill. After the reaction, the grinding jar was opened and 
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the reaction mixture was poured into water. The crude product was consequently 
washed with water, methanol and ethanol. The soluble fraction was extracted with 
CHCl3 which was consequently evaporated and the solid was dried at 80 °C. 
Chlorinated HBC 12 was obtained as a dark red solid (115 mg, (95 mg soluble in 
CHCl3), yield: 43 %). MALDI-TOF (Figure Appendix 30) 
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into water. The crude product was consequently washed with water, methanol and 
ethanol. The soluble fraction was extracted with CHCl3 which was consequently 
evaporated and the solid was dried at 80 °C. Chlorinated HBC 8 was obtained as a 
dark red solid (91 mg, yield: 43 %). MALDI-TOF (Figure 5.47B).  
Method C: C3Cl3N3O3 
C3Cl3N3O3
FeCl3
Cln
n = 1-18
7 12  
In a typical synthesis, 0.1 g hexaphenylbenzene 7 (0.187 mmol) and an excess 
of 1.092 g iron(III) chloride (6.889 mmol, 36 equiv.) and 0.808 g trichloroisocyanuric 
acid (3.553 mmol, 18.6 equiv.) were transferred into a 20 mL zirconium dioxide 
grinding jar with ten zirconium dioxide 10 mm diameter grinding balls (3.19 g each). 
The reactants were then milled for 60 minutes at 800 rpm in a Fritsch Pulverisette 7 
premium line planetary ball mill. After the reaction, the grinding jar was opened and 
the reaction mixture was poured into water. The crude product was consequently 
washed with water, methanol and acetone. The soluble fraction was extracted with 
CHCl3 which was consequently evaporated and the solid was dried at 80 °C. 
Chlorinated HBC 12 was obtained as a dark red solid (60 mg, yield: 28 %). MALDI-
TOF (Figure Appendix 31) 
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Figure Appendix 6 Comparison of the temperature increase during milling for different milling 
materials. A: Steel and B: WC. Blank corresponds to a milling vessel filled only with the base. The 
dotted line is the difference between blank and polymerization experiment. 
Figure Appendix 5 Comparison of the temperature increase during milling for different milling 
materials. A: Si4N3 and B: ZrO2. Blank corresponds to a milling vessel filled only with the base. The 
dotted line is the difference between blank and polymerization experiment. 
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